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Summary

Since 1897 when the first recorded offshore oil well was drilled from a wooden pier
offshore California, the offshore hydrocarbon recovery operations have grown steadily to
an incredibly large industry. Nowadays, there are more than 10,000 offshore platforms
around the world in operations such as exploration, production, and storage of o1l and

natural gas.

However, from the point of view of engineering, the more than 100-year history and
more than 10,000 design samples of platforms still can not form a sufficiently large
design database similar to the one that naval architects have developed in their field. The
lack of such a database determines that the engineering practice of platform design and
manufacture is still case-specific to some extent. Even though we have some general
guidelines such as API RP 2A (American Petroleum Institute Recommended Practice For
Planning, Designing and Constructing Fixed Offshore Platforms), they are not universally
applicable because each platform has its own unique location-specific environmental
characteristics and case-specific operating requirements. Also, these kinds of guidelines
are continually being updated while the oil industry accumulates more and more
knowledge about offshore engineering practices. One major research effort to get such
knowledge is the postmortem studies of the cases of failures, near misses, or survivals of
platforms exposed to extreme environmentai loading. This is the reason why oil

companies, governments, and research organizations initiated extensive research studies



after the destructive Hurricane Andrew swept across the Gulf of Mexico in September

1992, where nearly 4,000 platforms are located.

In October 1995, Hurricane Roxanne formed in the western Caribbean Sea, crossed the
Yucatan Peninsula, and entered the Bay of Campeche. Due to a southward moving front,
the Roxanne did not follow the normal north-direction path of most hurricanes. It was
forced back into the Bay of Campeche and the eastern coast of Mexico where it did
considerable damage. Roxanne was the most severe hurricane to affect the Bay of
Campeche during this century. It generated environmental conditions of wind, wave and
current that approximated those of a 100-year return period hurricane, to which the major
body of the fleet of exploration and production platforms and vessels belonging to

PEMEX (PETROLEOS MEXICANOS) were exposed.

This incident provides an excellent opportunity for research of the environmental
conditions and platform behaviors in the Bay of Campeche. Marine Technelogy and
Management Group at University of California at Berkeley performed an extensive study
for PEMEX to build a reliability-based design and re-qualification criteria of the offshore
platforms in this area. This report summarizes a part of these research efforts, with

emphases on the wave attenuation, and pile loading and capacities.



CHAPTER 1
INTRODUCTION

1.1 General Problem Definition and Background

In 1997-1998, an extensive study was performed for PEMEX to build a reliability-based
design and re-qualification criteria of the offshore platforms in the Bay of Campeche,
using Hurricane Roxanne as a study case. This region has some special characteristics
with respect to geographic and oceanographic conditions. The major cause of these
specialties is that layers of soft soils extensively and uniformly cover this region, unlike

the relatively rigid sea bottom conditions in other areas in the Gulf of Mexico.
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Figure 1.1 Bathymetry of the Bay of Campeche and Gulf of Mexico



This report focuses on the above specialties, its effects on hurricane wave heights and
response of pile foundation to loading, and its implications on the reliability analyses of
the offshore structures in this region. Figure 1.1 shows the bathymetry of the Bay of
Campeche and the Gulf of Mexico, and the regions of concern in this study. Figure 1.2
shows the locations of platforms and pipelines in the Bay of Campeche. Figure 1.3 shows

a typical pile-supported platform in this area.

Figure 1.2 PEMEX platform and pipeline locations in Bay of Campeche
(south region)

1.1.1 Wave Attenuation

There were several paradoxes in the information of Hurricane Roxanne furnisher by
PEMEX. One was that the visual observation of the maximum wave heights during
Hurricane Roxanne indicated that the observed wave heights were considerably lower

than the hindcasted results obtained by the advanced ocean wave hindcast models



(Oceanweather, 1996). Another paradox was the reported damage to the lower deck
portions of some platforms in the Bay of Campeche during Roxanne. The damage to
light structures that extended below the platform ceilar deck levels was sporadic.
Examination of the photographs of this damage and photographs taken during the peak of
the hurricane indicates that the damage was likely produced by the crests of highly
directionally spread waves interacting with the very light sub-cellar structures that were
in this area. There is no evidence of the crests of very forceful waves interacting with the

lower deck portions of the platforms in the Bay of Campeche during hurricane Roxanne.
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Figure 1.3  Typical pile-supported platforms in Bay of Campeche



These paradoxes were ultimately traced to the interactions of the hurricane waves with
the soft sediments at the sea bottom. Simplified analysis (Bea, 1997) indicated there was
substantial wave attenuation due to sea wave-soft bottom interaction in the Bay of
Campeche. Figure 1.4 shows the differences between the hindcast and the observed data
of wave heights. It also shows the possible correction to the wave height prediction,
considering the effects of soft sea bottom. Given this background, detailed research was
conducted to study the phenomenon of wave-sea bottom interaction. The meteorological
and oceanographic conditions were developed to include the wave-sea bottom

interactions for the risk based design and re-qualification criteria for offshore platforms in

the Bay of Campeche.
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The design of offshore platform systems in soft cohesive soils, subjected to large ocean
waves has historically presented engineers with difficult challenges and at times harsh
lessons. This soft, deformable sea bottom introduces a coupling interaction between
incoming waves and sea bottom soils. This interaction has two effects: larger wave height
decay at sea surface and large movement of the sea bottom. This phenomenon leads to

lower wave loading on jacket and deck, and increased soil loading on piles and pipelines.

A large number of studies, both experimental and analytical, have confirmed this
phenomenon. Experimental studies have shown that the loss of wave energy to the
movement of mud can be quite large and can be the dominant factor in controlling wave
heights in coastal waters, especially during storm conditions (Tubman and Suhayda,
1976; Forristall, Reece, Thro, Doyle, and Hamilton, 1980). Foristall conducted a classical
experimental research program (SWAMP) in Mississippi Delta in 1979-1980. During the
Hurricane Frederic (1979), a significant wave height of 28.2ft was observed in deep
water (water depth = 1025ft), while near shore, a significant wave height of only 8.0 feet
was observed in shallow water (water depth = 63 feet). Conventional wave height
forecasting, which assume rigid sea bottom condition, indicated much less wave height
decay than was observed. Also, the experimental measurement presented another
important aspect in the sea wave-bottom interaction - directionality of the wave
propagation. SWAMP measurements during Hurricane Allen produced different results
than during Hurricane Frederic. The deep-water wave height was 12.9 feet in deep water
while the shallow water wave height was surprisingly 9.3 feet. Although this difference

in wave height decay may be due to different intensity of these hurncanes, study showed



that Frederic’s path is along the highly disturbed soft soils, while Allen’s path is mainly
along stiff soils. This accounts for the difference between the two hurricanes. This
directionality is important and will be addressed later. Figure 1.5 shows the wave
attenuation phenomenon measured in the field. (Forristall, 1980). It shows measured
energy spectra in deep and shallow water with respect to wave frequency. The maximum
wave height is a function of the area under these spectra. The rigid (normal) attenuation
for the wave components is also shown. It is obvious that the soft sea floor soils had a

dramatic effect in reducing the wave amplitudes and energy.
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Figure 1.5 Measure wave attenuation of waves from deep to shall water in
Mississippi Delta

A large number of sophisticated analytical models have also been developed to assist in

the evaluation of the response of seafloor to wave loading. These models fall into three



general classes: (1) limit equilibrium, (2) finite element, (3) layered continua. All these
models can correctly predict the wave attenuation and mud movement if the in situ soil
characteristics, wave properties, wave traveling paths, and sea floor bathymetric
conditions are interpreted properly as the inputs to these models. (Schapery and Dunlap,
1976, 1978; McClelland Engineers Inc., 1978; Wright 1976, 1983; Yamamoto, 1981,
Farmistall and Doule, 1987; Kraft and Suhayda, 1985, 1990; Hooper, 1994). Figure 1.6
shows the wave spectra in deep and shallow water assessed by Exxon for design of
platform facilities in the Mississippi Delta (Clukey, et al, 1990). The significant wave
attenuation due to soft sea floor soils was taken into account in the design of these

facilities.
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This complicated response of soft sea floor to storm waves is believed to be responsible
for the puzzling behaviors of PEMEX platforms in the Bay of Campeche (Bea, 1997).
During the Hurricane Roxanne (1996), which was nearly equivalent to a hurricane of
100-year return period and lasted for 7 days, there are no significant damages to these
platforms but extensive failure of pipelines. As the first focus of this research and report,
this wave attenuation problem was thoroughly investigated. The approach adopted was
analytical, based on the computer program SWBI (Sea Wave Bottom Interaction) to
simulate the wave attenuation and mud movement. The SWBI program adjusts the wave
height prediction results in this area thus may greatly reduce wave loading on the
platforms and warrantee the proposed modifications to the design and re-qualification

criteria.

1.1.2 Dynamic Response of Pile Foundations to Loading

In the field of Offshore Engineering, foundation design is always an essential element for
fixed platforms. In the Guif of Mexico, most fixed platforms are pile-supported as are the
PEMEX platforms. The response of the pile foundation of these platforms to the external
loading, both dynamic and static, is a classical subject for offshore engineers. With the
extension of offshore operations into deeper water and more hostile environments,
concerns with implications of foundation design on overall platform costs, and the need
to incorporate more realistic foundation response charactenizations into the re-
qualification analyses of existing structures have brought a recent focus to the dynamic

response of marine foundations. The general engineering guidelines for treatment of such

10



problems are still under development. High quality expenimental and analytical research

needs are highlighted.

Almost all the fixed platforms of the PEMEX in the Bay of Campeche, Mexico are
supported by piles. Pile foundations of these platforms are the key components for the
whole drilling and production systems, which determine the safety, serviceabulity,
durability and compatibility of such systems. It is desired that the pile foundations be
designed in a safe and economic manner. Building up proper design criteria and keeping

them up to date is an essential and important challenge for engineers.

The second focus of this report is on the dynamic response of platform foundation piles.
As stated above, Bay of Campeche presents special geotechnic conditions. This region is
uniformly covered with a layer of soft clays having a thickness of 25m to 30m and sea
floor strengths in the range of 50 pounds per square foot to 100 pounds per square foot
(Bea, 1997). Besides causing wave attenuation, there is increased loading on piles and
pipelines. The soft soils may also experience notable cyclic degrading or load rate effects.
Very complicated interaction takes place between platforms’ pile foundation and the
supporting soils. This is particularly the case for dynamic responses. This is due to the
non-linearity of soil material, degradation of soil under cyclic loading, viscous and
hysteretic damping of soils, etc. Although under intensive study for decades, a lot of
unknowns remain concerning these soil behaviors. Both state of art and state of practice

techniques in this field are basically founded on a semi-empirical approach. This warrants

i1



a special investigation of pile foundation, on which the risk-based design and re-

qualification criteria were based.

This report follows the similar approach. The response of pile foundation to loading is
analytically simulated by numerical tools. The computer programs SPASM,
TOPCAT/ULSLEA, and Drain3D were used. The input parameters such as soil strength
profiles, degradation patterns, and soil resistance characteristics were based on laboratory
tests, empirical formulae, and proper engineering judgment. The results of these provided
important information about the biases and uncertainties associated with loading, ultimate

limit state capacities of this key platform component.

1.2 Work Scope and Research Objectives

As an aftermath of Hurricane Roxxane, an extensive research project of Risk Based
Criteria for Design and Re-qualification of Offshore Platforms for PEMEX and IMP was
initiated in June 1997. This report covers two parts of this research project: the hurricane

criteria with emphasis on wave attenuation and dynamic pile response.

The research work on wave attenuation includes:

e Swudy of bathymetric characteristics in the Bay of Campeche, including the
determination of different wave travel paths from deep water to shallow water;

e Collection and study of the geotechnic information, including soil boring data, soil

non-linearity, soil cyclic degradation properties;

12



Collection and study of oceanographic data in the region, including observed wave
height data in field, wave height hindcast of Roxxane, and long-term wave height
prediction obtained by assuming rigid sea bottom;

Modifying the general computer program SWBI (Sea Wave Bottom Interaction) for
the purpose of analyzing the wave attenuation in the Bay of Campeche;

Building analytical models of wave attenuation along different paths, under different
soil conditions, and for the cases of hurricanes of different ARP’s (average retum
periods);

Running extensive sensitive analyses for calibration and verification

The research work on the topic of dynamic pile response includes:

Study and determination of soil conditions and important parameters under different
cases of static, cyclic and fast loading;

Determining typical loading patterns representing hurricane wave loading and
earthquake loading;

Developing and modifying computer analysis tools such as SPASM, Drain3D and
TOPCAT for the special analysis dynamic response of laterally or axially loaded
platform piles;

With the support of the above computer analysis codes, building analytical models to
simulate the dynamic response of the piles in field under different loading patterns,
that are capable of handling both the nonlinear piles and nonlinear-hysteretic soil

resistance;

13



e  With the models developed, performing analysis of the behaviors of pile-soil system
beyond the elastic range up to final collapse to find the system’s ultimate capacities;
¢ Comparing and calibrating the analysis results to define the unique characteristics of

pile foundation behaviors in the Bay of Campeche

The objectives of the above research works are to provide essential information on which
the development and verification of the risk-based hurricane and earthquake criteria and
guidelines for the platforms of PEMEX in the Bay of Campeche could be based. This
essential information includes the biases and uncertainties of environmental loading and

ultimate capacities of platforms, which are applied in the reliability analysis.

The wave attenuation study improved the understanding of the special wave decay
patterns in the area. The study builds an applicable model quantifying how the soft sea
bottom soils influence hurricane wave heights as the waves propagate across the
continental shelf. The results indicate considerable correction to the maximum wave
heights used in the reliability analysis that is the basis of the design and re-qualification
criteria. The results also have important implications on the adoption of a truncated wave

height spectrum in the long-term reliability analysis.

The study of dynamic response of pile foundation improved the understanding of the

behaviors of the pile-soil system in the Bay of Campeche. The correlation of the results

from different analytical models of the piles under different loading patterns provided

14



essential analysis parameters of biases and uncertainties in the reliability analysis of the

platform foundations.

1.3 Organization of the Report
This report is divided into 5 chapters. Following a summary, chapter 1 is an introduction

of the problem definition, research background, work scope and research objectives.

Chapter 2 focuses on the topic of special wave decay patterns in the Bay of Campeche.
First the chapter gives an account of the mechanism of the wave attenuation
phenomenon. Then it describes the basic approach of the wave height prediction tool -
SWBIL, the analysis models and SWBI program. Chapter 2 also explains the process of
building a wave attenuation analysis model, putting the soil profiles, bathymatric
information and oceanographic data all together. Chapter 2 has a detailed summary of the

analysis results along different wave propagating paths, under different soil conditions.

Chapter 3 first gives a review of the current research of the topic of pile response to
dynamic loads. Then the chapter describes the basic assumptions and approaches in the
study. It details the building-up process of the analysis models in the research, with an
emphasis on the new DRAIN3D numerical model. Then, it talks about the lateral
response of a single pile, including the first yielding capacity, ultimate capacity. The
analysis address pile-soil systems behaviors under static loading, cyclic loading and fast
loading. The lateral responses are predicted by SPASM, DRAIN3D, ULSLEA3.0 and

TOPCAT. Following this, another section summarizes the analysis of the axial response

15



of a single pile. The basic approach is the same as lateral response. The behaviors under
static, fast and cyclic loading are studied. The calculating code is DRAIN3D and

TOPCAT. A calculation is also performed according to the API RP2A guideline.

16



Chapter 2
Analyses of Hurricane Wave

Decay Characteristics

2.1  Analysis Model: SWBI

The Bay of Campeche is uniformly covered with a layer of soft clays having a thickness
of 25m to 30m and sea floor strengths in the range of 50 pounds per square foot to 100
pounds per square foot (Bea, 1997). Interactions of this soft clay layer with the surface
storms could have reduced wave heights by 10% in a travel distance of 2,000 feet to
5,000 feet depending on the water depths, wave heights and periods. An analysis tool was

needed to quantifying this interaction.

2.1.1 Basic Approach of SWBI

There are basically two approaches to analyze the sea-bottom-wave-interaction effects:
experimental and analytical. Both have provided a lot of important information,
interpretation and prediction of this complicated phenomenon. To address the wave
height decay patterns in the Bay of Campeche, this report takes an analytical approach;
using a computer program to forecast the wave height decay. The analysis model is
SWBI (sea wave bottom interactions). SWBI is a modification of the identical computer
program WASBIN developed by Schapery and Dunlap (1978) of Texas A&M

University. This program has been under continuing development since the 1970’s.

17



Wave height in coastal areas with normal sea bottom sediments is affected by processes
such as diffraction, refraction, reflection, shoaling, wind generation, and bottom frction.
Usually, these factors account for the major parts of wave height decay for normal rigid
sea bottom soil. For soft sea bottom, the energy absorption by the movement of soft sea
bottom sediments is another notable factor. So, as a complete shallow-water wave height
forecasting tool considering the soft sea bottom effect, the general stepwise wave

forecasting formula for a discrete analysis model is:

Hn+l=Hn.K5.Kf.Kr.Kd.Krc.Kw.Km 2.1

Where, n represents the (n)th wave height forecasting station along the wave propagating
path; Hy. is the forecasted wave height at the (n+/)th station; Hy is the wave height at
the (n)th station; K; is the wave attenuation coefficient for shoaling; Ky is the attenuation
coefficient for bottom friction; K; is the coefficient for refraction; Ky is the coefficient
for diffraction; K. is the coefficient for reflection; Ky is the coefficient for wind

generation effect; K., is the coefficient for energy absorption of the soft sea bottom soils.

To simplify the analysis, two attenuation coefficients are introduced:

» K, is introduced to account for the effects due to soft soil bottom only, and

* Ky is developed to include all other effects, which can be solved by the normal rigid
bottom wave prediction method, such as the computer model used by Oceanweather Inc.

(1996a, b, c).

18



Therefore, the wave height forecasting formula becomes:

Hp1 = Hy * K * Km 2.2

Ky, resulted from soft-bottom effects depends on the absolute wave height at a site; the

wave period; and the shear resistance, shear modulus and damping properties of the soils.

This stepwise formula is used in the discrete SWBI wave height forecast model.

2.1.2 SWBI Model

The SWBI analytical model couples the wave and sea bottom interactions. It takes water
as an inviscous, incompressible fluid. Linear wave theory is applied in the model. The
soil is assumed to be a layered, incompressible, visco-elastic material. The nonlinear
response of the soil is accounted for by a hyperbolic stress-strain relationship. A linear
dynamic theory is used through an interaction technique to solve the non-linear response

of the soils.

The SWBI analysis is an iterative procedure, in which the secant modulus of the soil
stress-strain curve is solved based on the computed stress condition and compared with
the tolerance requirement. These stress conditions are determined by the secant modulus
of the soil stress-strain curve in the previous analysis. Therefore, the complex sea-bottom
interaction problem is reduced to an elastic analysis of a layered half-space in every
iteration. Schapely and Dunlap detailed the analytical model (1978). The algorithm to

solve this elastic-viscous problem of wave-sea bottom interaction is the linear dynamic

19



theory developed by Biot (1965). This program has been under constant update since the
1970’s and has been verified extensively with field data (Schapery and Dunlap,

1976,1978; Kraft et al, 1985, 1990; Suhayda 1994, 1997).

The sea bottom soils are represented in the SWBI model as visco-elastic materials. The
mechanics behavior of these materials can be represented by a complex shear modulus,
G', which consists of a real part, G, and an imaginary part, G . The shear modulus is

thus expressed as:

G =G +iG’ 2.3
The phase angle, 9, between the stress and the strain is given by:

0= tan(G'/G) 2.4
The relationship between the amplitudes of the shear stress and the shear strain is given
by:

o =lgl Il 2.5
where T is the shear stress, ¥ is the shear strain and,

Gl = [(G) +(G )" 2.6
The soils shear modulus is described with a power law relationship:

G(t) = Git™ 2.7
Where G, is the shear modulus corresponding to time t=1 sec and » is a constant
reflecting the sensitivity of the soils to the strain rate effects. Laboratory tests were
conducted to measure G, and 7, and to correlate these parameters with routine available

geotechnic variables such as shear strength and liquidity index.
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If the soils are very soft, i.e., a small shear modulus G, notable stress and strain of soils
may be resulted under external stress. The soils behavior more like liquid than like solid.
For the case in the Bay of Campeche, the soft visco-elastic soils interact with the
inviscous-incompressible water as hurricane waves travel from deep water to shaliow
water. There is a coupling of movement between the water and the viscous soils due to
the varying water pressure produced by waves on the sea bottom. Large stress and strain
are induced in the viscous soils. A large portion of wave energy is dissipated into this
induced soil movement. This water wave energy loss can be figured out by summing the
energy of the soil “waves” under the mud line. The energy of the soil movements can be
easily obtained by integration over the soil “wave” field using the above stress-strain and
shear modulus relationships. This soil movement adds the seventh factor into the wave

height prediction model, the parameter Ky, in Equation 2.1.

SWBI program quantifies the parameter K. This sea bottom wave attenuation

coefficient is defined by:

—3.14-X-M5-sin¢-C§)
T-C,

2.8

K, =exp(

Where M; is a bottom movement parameter, X is the horizontal distance, 9 is the phase
angle between the surface wave and the sea bottom soil wave, C;, is the bottom pressure

coefficient, T is the wave period and Cg is the wave component group speed.

The sea bottom pressure coefficient is based on a modified linear wave theory formula
given by:
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_084+(n/L) 59
P cosh(6.28-h/L) '

Where Lo is the deepwater wavelength and L is the wavelength at the water depth h.

The sea bottom soil movement parameter M; and phase angle ¢ depend on the

wavelength and the soil shear strength S,, shear modulus G; and the soil viscosity M,.
Formulas for Mg and ¢ are:

. . 2
509-L-T 510

M, =
JG? +(6.28-M,)’

¢=arctan(0.12-(l+%"—}i)\/h/L) 2.11

Where G, is the initial shear modulus, G; is the shear modulus at a shear strain of ¥. The

values of Gn, Gs and M, are given by:

G,=R,-S, ' 2.12
G, = G 2.13
1+ Ry
G -T
M == -0.12-L,-(1+R 2.14
© 6.28 d ( a}/)

R, is an empirical constant. It is determined by resonant column tests and has a range of

100 to 400. Ly is the liquidity index of soil. The shear strain ¥ is given by:

T, 2.15

Where T,, is the wave induced soil shear stress. G, is the equivalent soil shear modulus.

They can be determined by:
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~-6.28-2

T“_=6.28-Pa-£-e L 2.16
L
G, =\/Gf (&M 2.17

Where P, 1s the amplitude of the wave induced sea bottom pressure. Z is the distance

below sea bottom line.

In SWBI program, the degree of soil non-linearity is modeled by the ratio of the secant

modulus to the inttial shear modulus, G, G,.,- The secant shear modulus is determined

using a hyperbolic stress-strain relationship to reflect the stress-strain behavior of the

soils:
r=—Omad 2.18
1+ max
S Y

7]
where Gy is the initial shear modulus at zero strain; * is the shear stress; ¥ is the shear
strain; and S, is the shear strength. The secant shear modulus G can be determined from

the above equation:

C % 2.19

Gmax SU

The use of this secant modulus assumes that the maximum stress and strain values for
cyclic loading coincide with the hyperbolic curve, which 1s representative of a single

loading condition.
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It is assumed that Equation 2.18 provides a reasonable approximation of the variation in
the modulus with increasing stress up to initial soil failure. Cyclic degradation and strain
effect, however, can result in moduli that differ from the linear variation suggested by
Equation 2.9. In addition, actual soil response does not exactly follow a hyperbolic curve
over the full stress level range. Therefore, using the hyperbolic relationship requires a
varying initial shear modulus ratio Gmax/Su with increasing strain to keep the stress-

strain curve correct.

The stress-strain behavior of soils is a complex phenomenon and most stress-strain
behavior relationships provide only an approximate representation of the real soil
behavior. Although the stress-strain model given by SWBI is not perfect, comparison of
experimental and analysis results indicate that it is reasonable and can provide realistic
estimation of the sea wave-bottom interaction if appropriate input parameters are used to
describe the in situ soil characteristics. (Kraft, et al, 1985, Forristall and Reece, 1980,

1985).

It should be noted that the soil modulus (a secant modulus at a specified stress level)
measured in the laboratory may be less than the in-situ modulus, due to sample
disturbance caused by drilling, sampling, sample preservation, transportation, and
specimen preparation, and due to higher temperatures of the laboratory specimen than in-
situ conditions. On the other hand, higher rates of strain in the laboratory test experienced
in situ can result in the laboratory-measured modulus being greater than the in situ

values. All these incorporate a large amount of natural uncertainties into the analytical
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model that should be carefully considered in the preparation of input data and

interpretation of the output results.

On the other hand, cyclic loading from storm waves can result in lower moduli than those
obtained from monotonic loading. The cyclic action of the waves can reduce the shear
resistance and the modulus of the soils near the surface. This reduction can increase the
wave degeneration, but the soil movement can also increase. Therefore, cyclic
degradation to the soil properties is included in the wave attenuation analyses. Some
parametric studies and expert judgements should be conducted to determine an

appropriate shear modulus profile considering the cyclic degradation effects.

Besides the soil conditions, the soil response at a site is sensitive to both the period and
height of the storm wave. The wave conditions shall be carefully reviewed to represent
the field oceanographic environments loading. A calibration of hurricane Roxanne can
provide reasonable environmental conditions. In this report, the oceanographic conditions

are interpreted from the reports of Oceanweather Inc.

2.1.3 SWBI Program Operation

For each run of SWBI program, a wave transect is set up based on the sea floor
bathymetry information. The transect consists of a proper number of distance intervals
from deep water where the wave attenuation starts. Each interval is regarded as a uniform
segment. The sizes of these intervals, more exactly the distance between two successive

stations along the wave-propagating path, can be varied to properly reflect the nonlinear
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behavior of coupling of sea waves and soil bottoms to ensure the numerical stability and

accuracy.

The main input for the SWBI model contains oceanographic and geotechnic information
along the specific wave transect. The oceanographic information includes deepwater
wave period, wind speed, and wave height along the wave transects. The geotechnic
information include the soil types along transect, varying water depth, average sea floor

slope, and bottom friction drag coefficient.

Each interval along the wave transect is assigned a soil type, which is typically a soil
input file contains the soil properties such as submerged unit weight, liquidity index, soil
layer thickness, ratio of initial shear modulus to undrained shear strength, and shear

strength for each vertical soil layer.

As described in the basic approach, the stepwise wave height forecasting calculation is
performed in the SWBI to predict mud movement and wave heights from one station ()
to the next station (n+1) over the specific wave transect. The source code of the program
is modified to incorporate the Oceanweather (19962, b, ¢} rigid bottom wave forecasting

into the specific wave attenuation analysis for the Bay of Campeche.
The output of SWBI is to emphasize the factors of interest in the wave attenuation
forecasting procedure. It shows the stepwise wave height calculation results and the

coefficient K., at each station along the wave propagating transect. It also shows the ratio
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of shear stress induced by wave loading to the shear strength, ¥/S,, at each soil layers in
each wave propagating intervals. Because wave aftenuation is quite sensitive to the shear
stress level in the soil layers, these shear stress information is valuable to gradually
modify the input soil files and main input files to get satisfied calculation accuracy and

reduce calculation time and iteration number.

The output also gives a correction factor - Rm, which can be applied to the forecasted
rigid bottom wave height to get the reasonable estimate of in situ wave height with the
wave-soft bottom interaction effect. This is a key input parameter to the reliability

analysis.

2.2 Development of Wave Attenuation Analysis Model

Wave attenuation analysis requires extensive data collection of oceanographic,
bathymetric and geotechnic information, especially in a vast region such as Bay of
Campeche. The PEMEX platforms are mainly located in two areas in the bay — North
Region and South Region, which are illustrated in Figure 1.1. As stated before, the soil
sea floor in the south region is very soft. The layers of soft clay are very thick. The
situation in the north region is a little different. The sea floor there is overlain by a thin
top layer of very soft clay foflowed by thick layers of relatively stiff clay. It is expected
that the wave attenuation effects from soft sea bottom will be different in these regions.
To quantify the sea-bottom interaction effects along the different wave propagating paths,
SWBI models are built respectively for both regions. The input files and soil files for

SWBI models contain all the location-specific information stated above for each region.
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2.2.1 Bathymetric Information

2.2.1.1 General

Bathymetric characteristics have very important impacts on wave decay patterns along
coastlines. PEMEX and IMP provided very useful bathymetric information of the Bay of
Campeche. It covers the concerned regions of the bay where most PEMEX platforms are
located. The wave propagating transects in SWBI model are built on the basis of this

information. Figure 2.1 shows the bathymetry along the coastline in the north region.

The wave propagating path should be carefully studied in the wave attenuation analysis.
The bathymetric characteristics greatly affect the shoaling effects along the path. The soil
conditions over the path of wave travel determine the effects of the soft sea bottom wave
attenuation. Also, as discussed above, directionality, i.c. the wave propagating path, is
crucial to wave attenuation. The wave characteristics at a site are controlled by the soil
conditions over the path of wave travel. Therefore, the regional soil conditions around the
wave propagation paths are as important as the site condition to accurately forecast of

wave height at a site.

Usually, there are many different ways to set up the wave propagating path in the area of
interest. One is to set one path which is considered the most conservative one: the wave
travel distance is shortest, and generalized least disturbed soil types are assumed along

the path (Kraft and Suhayda, 1990; Clukey et al, 1988). It is appropriate for a study
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concermning a special field site. However, it may be not sufiicient to form a sohd

foundation for design and re-qualification criteria.

24°

320°

Ydon

23°

22°

Figure 2.1 Bathymetry of the north region and the wave transects

2.2.1.2 South Region

In the analysis of south region, three wave propagating paths are considered extending

from the north to the south: A-A transect, C-C transect and B-B transect (Figure 2.2-2.5).
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the longest one. They were chosen also because they have quite different sea bottom
slope. Compared with the situations in the south region, bathymetric characteristics have
more notable effects on the attenuation in the North Region. This kind of set-up of wave

propagating paths is intended to capture the lower bound of wave attenuation in the North

Region.
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Figure 2.2 Wave transects and soil borings in the south region
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Wave Transect B-B
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Figure 2.5 Wave Transect C-C

The bathymetric characteristics along N-N and S-S transects are shown in Figure 2.6 and
Figure 2.7. It can be seen that the shallow range is far away from the coastline for the S-8
transect. The distance between the 60m and 40m contours is very long, almost 25000
meters. In this segment of S-S transect, the shoaling effect shall be not obvious. But the
energy loss by sea floor friction is large because of the long distance. And such a long
range of smooth sea floor in the shallow water is also ideal for development of strong
interaction between waves and soft sea floor. This is the reason why the wave height
decay faster in the S-S transect than N-N transect, no matter whether the soft sea floor

effect is considered or not.

Another thing should be noted is that both transects are much shorter than those studied

in the south region. The lengths are less than half of the shortest one in the south region.
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This is another implication that the wave attenuation due soft sea floor shall be less

intensive that that in the south region in Bay of Campeche.
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Figure 2.6  Wave transect N-N in the north region
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Figure 2.7  Wave transect S-S in the north region
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2.2.2 Oceanographic Data
Like the notably different bathymetric characteristics, oceanographic data in both regions

are also significantly different.

2.2.2.1 South Region

Oceanographic data in the south region were obtained mainly from two reports by
Oceanweather Inc. (1996a, 1996b, 1996¢) and A. H. Glen {1996a, 1996b). These reports
were extensively studied and useful information was extracted as the basis for the wave
attenuation analysis for the south region. The extreme ocean wave conditions are

summarized in Table 2.1.

Table 2.1 Extreme Ocean Environmental Conditions in the South Region

Average Return Peniod (ARP) Wave Period(s) Deep Water Wave Height(m)
100-yr ARP Hurricane 13.0 16.0
1000-yr ARP Hurricane 15.0 23.0
10000-yr ARP Hurricane(met) 16.0 27.0
10000-yr ARP Hurricane(ext) 16.0 32.0
Hurricane Roxanne 13.0 15.9

In Oceanweather report, the wave heights were forecasted at different grid points and
different water depths. Hurricanes with different average return periods were forecasted.
A hindcast of Hurricane Roxanne was also given. Based on this information, the
generalized rigid sea bottom wave height decay patterns were interpreted for hurricanes

with different returned periods and for Hurricane Roxanne. The wave height decay
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curves were summarized in Figure 2.8. These decay curves reflect all the other wave

attenuation factors except soft bottom effect.

It shall be noted that the case of 10000-year return period hurricane is not available
directly from the Oceanweather data. Statistic extrapolation was conducted to yield a
wave height of 32m for 10000-year hurricane, which does not seem likely. An analysis of
meteorology in this region predicts that the maximum “credible” hurricane in this region

has a wave height of 27m. As parts of a systematic study, both cases were thoroughly

evaluated.
Oceanweather Wave Height Forecast & Extrapolation for
Different ARP and Hindcast for Hurricane Roxanne
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Fig. 2.8 Oceanweather rigid bottom wave height forecast and hindcast
in the South Region

2.2.2.2 North Region
The deepwater oceanographic data in the North Region was also obtained mainly from

the reports by Oceanweather Inc (1996a, b, c). The extreme deep water ocean wave
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conditions are summarized in Table 2.2. But the general rigid sea bottom wave decay

patterns are not extracted from the reports.

In Oceanweather report, the wave heights in the south region are forecasted at different
grid points and different water depths. These points are scarcely distributed in the large
area. Not like in the south region, the generalized rigid sea bottom wave height decay

patterns are difficult to interpret from the roughly scattered grid points.

Table 2.2 Extreme Ocean Environmental Conditions in the North Region
Wave Return Peniod Wave Penod(s) Deep Water Wave Height(m)
10-yr ARP Hurricane 10.0 11.6

100-yr ARP Hurricane 11.0 16.5

1000-yr ARP Hurncane 13.0 22.0

10000-yr ARP Hurricane 14.0 26.8

As an alternative, a small modification was made in the SWBI program to solve this
problem. It assumes that the effects of reflection and diffraction are negligible. So the
values of K, and Ky are 1 in Equation 2.1. This assumption is reasonable for the study in
north region and has been confirmed by the study in the south region. It is also assumed
that there is no refraction along the transects. This is true because the coastline here is
straight and open to the sea, not like the coastline with larger curvature in the south
region. A more important reason is that the bathymetric contours are smooth and almost

parallel to each other. For an incident wave with a direction vertical to these contours,
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there should be little refraction. So K, has a value of 1. The remaining K;, Ky, K., can be
calculated by SWBI program. The rigid bottom soil properties can be obtained by
specifying very large shear strength and Gmax/Su in the soil input files for the SWBIL

The K, for this soil condition is also 1.

So the rigid bottom wave height prediction has involved all the factors that influence the
wave decay pattern except soft sea floor effects. These factors’ effects are reflected in
the coefficient Ky, in Equation 2.2. Then, the results of the rigid bottom wave height
prediction can be taken as the input to the same SWBI model used to perform the analysis
in the south region of Bay of Campeche. The generalized rigid bottom wave decay

patterns are summarized in Figure 2.9 and 2.10.

Rigid Bpttom Wave Height Prediction (S-S Transect)
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Figure 2.9 Rigid bottom wave height forecast along S-S transect
in the north region
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Rigid Bottom Wave Height Prediction (N-N transect)

Wave Height(m)

—— 1|0-yr ARP
—g— 100-yr ARP
T _a—1000-yr ARP
—3¢— 10000-yr ARP

20 40 60 a0 100 120 140 160 180 200
Water Dapth{m)

Fig. 2.10 Rigid bottom wave prediction along the N-N transect
in the north region

2.2.3 Seil Conditions

Besides the sea bottom bathymetry information, a more important factor is the soil
conditions along the transects. As stated before, the in situ and laboratory soil sampling
and test have involved natural uncertainties, and the interpretation of the test data involve
model uncertainties. Engineering judgment based on expertise and experience in
synthesizing soil properties is the key element to evaluate these uncertainties. The in-situ
soil conditions must be correctly interpreted from the raw data of borings along the
transects. This information has a critical influence on the wave attenuation analysis.
Figure 2.2 shows the locations of the borings along the three transects in the south region.
Table 2.3 is the list of the borings used in the wave attenuation analysis. Figure 2.11 is a

typical soil boring log and soil testing results in the Bay of Campeche.
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Table 2.3 Borings used in Analysis of Wave/Bottom Interaction

Boring Name Location(UMT) Water Depth
X Y ft (m)

POL-79 578,377 2,127,023 111 (33.8)
KU-57 586,782 2,161,192 217 (66.2)
ABKATUN-4 585,573 2,131,178 113 (34.4)
AKAL-O 596,476 2,145,814 148 (45.1)
AKAL-T-] 595,303 2,149,901 161 (49.1)
CEEH-101 576,301 2,174.714 335(101.9)
TABAY-1 573,774 2,188,115 413 (125.9)
POOL—TF 573,393 2,128,598 131 (39.9)
CHE-1 585,500 2,101,500 72 (22.0)
CHA-1 547,256 2,156,397 486 (148.3)
OCH-TA 554,836 2,122,573 198 (60.5)
TARATUNICH-TF 573,626 2,145,748 205 (62.4)
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In the analysis, the soil is modeled as a layered system (8 or 9 or 10 layers) with uniform
properties of shear strength, shear modulus, damping and density within each layer. For
each layer, the unit thickness is determined based on the parametric studies. The soil
density were taken from the boring logs and averaged to fit into the chosen layers.
Liquidity indexes are interpreted from the boring log. The Liquidity Index is used to
model visico-elastic stress-strain behavior. The initial shear modulus (Gmax) is normalized

to shear strength (S,) in the form of Gmax/Su. The above soil information is stored in soil




files for the SWBI analysis model. Table 2.4 lists a typical input soil file. This analysis
uses around 100 such soil files to reflect the location-specific soil conditions and to do

systematic sensitivity studies.

Table 2.4 Typical input soil file for SWBI model

Soil82 North Region upper strength profile and expected Gmax/Su
8 10 5
1 1 2 2 0
| 0 100
1000. 99, 99.0 999, .02 1.128 0. 90 1
46. 1.65 0. 3 015 100. 100.

46. 80 0 4. 015  100.  200.

53. 38 0 3. 015 200.  1000.
51 45 0 30. 015 300. 2000.
51. 43 0. 28 015 500.  2000.
61. 41 0. 30. 015 500.  2000.
60. .28 0 50. 015 500. 2000.
60. 33 0 50. 015 1000. 2000.
60. 40 0. 10000. .015 1000. 4000.

In the input files, both shear modulus and shear strength in the top soil layers subject to
degradation due to cyclic wave loading and large strain rate. The degraded strengths are
typically 25-50% of the undisturbed strengths, and the degraded moduli are 20-30% of
the undisturbed moduli (Kraft, 1985). Another important parameter is Gmax/Su. As
discussed before, the hyperbolic stress-strain curve is used in the analysis. However,
actual soil response may not follow a hyperbolic curve over the full stress level range.
Based on the experience in the sea-bottom intersection analysis in the Mississippi Delta
(Kraft and Suhayda 1990), the ratio Gmax/Su of 450-400 at small strains in a hyperbolic
model often provides a good fit to the measured stress-strain response in the soft

sediments when shear strains is less than 0.1%. For large strains, Gmax/Su should be
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decreased (Kraft, et al, 1985). Based on this argument, the analysis is first performed
using the Gmax/Su values from PEMEX’s boring logs. Then, the Gmax/Su is decreased
in the analyses, according to interpretation of the results, to reflect the soil degradation
due to shear strain effects and cyclic strain effects. The history of deep-water waves,
bathymetery, and soil properties over the path of wave travel are considered in
establishing the soil degradation model. For the case of soils in the Bay of Campeche, the
top greatly degraded soils are determined to have an expected value of 100 in the
Gmax/Su, with a lower bound of 50 and an upper bound of 200. The variation is

considered to be equivalent to 2 times standard deviation in the reliability model.

Undrained soil strength profiles, soil liquidity index profiles and submerged unit weight
profiles are also needed to create the input soil files. The initial undisturbed profiles are
easily extracted from boring logs. To reflect the inherent natural variation in the soil
properties in a macro geotechnic structure and the variation in the interaction between the
waves and the soft sea floor, three different soil undrained shear strength profiles were
determined to be used in the SWBI model: weak, expected and strong. The expected soil
strength profile represents the “best estimate™ soil properties appropriate for the time of
occurrence of extreme hurricanes with cyclic strength degradation. The upper and lower
bound profiles are intended to reflect the possible variation of the degree and extent of
such a cyclic degradation during hurricanes. The upper and lower bounds are also
equivalent to 12 times the standard deviation in the reliability model. A typical soil
profile of undrained shear strength is plotted in Figure 2.12. Typical soil profiles of

submerged unit weight and liquidity index are shown in Figure 2.13.

43



Besides the variation in the soil properties, the sea floor slopes in soil files has different
values along the wave transect. This is because the shoaling effects for the transects
depends on the sea floor slope. It is expected that the shoaling effects in the north region

have a more influence on the final wave decay pattern than in the south region.

Shear strength profile used in the SWB! mode!
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Figure 2.12 Generalized soil strength profiles used in the SWBI model
in the North Region

2.2.4 Summary

In a short summary, the SWBI analysis model in this report considers the following
conditions:

¢ 3 wave transects in the south region: A-A transect, B-B transect, and C-C transect;

and 2 wave transects in the north region: N-N transect and S-S transect;
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5 different extreme ocean wave conditions with different ARP’s: 100 years, 1000
years, 10000 years (extrapolated), 10000 years (meteorological), and the hindcast of
Hurricane Roxanne;

3 different values of Gmax/Su;

12 borings along the different transects;

3 versions of soil properties to recognize the inherent uncertainties and cyclic
degradation effects in the north region;

A systematic sensitivity analysis of wave attenuation to the soil characteristics with

sets of soil file combination along different wave transects.
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Figure 2.13 Profiles of submerged unit weight and liquidity index
in the North Region
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2.3 Wave Decay Characteristics in the Bay of Campeche

A systematic parametric analysis is conduct before the beginning of the detailed analysis
to determine the appropriate parameters to enhance numerical stability, accuracy; and to
properly simulate the nonlinear coupling behavior of wave and soft soils in vertical soil
layers as well as in the horizontal transect intervals in the wave propagation paths. Then
the detailed analysis of wave decay pattems in the north and south regions 1s performed.

The analysis results are summarized in a series of graphs.

2.3.1 Wave Attenuation Analysis in the South Region
In the south region, there are a lot of soil boring logs available. The SWBI model can be
built to reflect the location-specific soil condition along wave transects. Around 100

cases of wave attenuation were studied in this region.

2.3.1.1 Presentation of the Analysis Results

Figure 2.14 shows the analysis results for the A-A transect with a combination of
different soil properties and different return period wave conditions. According to the
results above, the wave attenuation along this transect is not very intensive in the water
depth range of 40-80m, although this transect is the longest one. It suggests that there are
stiffer soils along this transect. This argument is consistent with the input soil properties.
It also appears that there is no abrupt change of soil properties along this transect because
the wave height decay curves are rather smooth, even for the extrapolated 10,000-year

return period hurricane. Figure 2.15 and 2.16 summarize the similar analysis results for
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B-B and C-C transects. Note that the wave attenuation patterns, or the wave decay curve

trends, are almost the same along these transects.

In order to show how the wave and bottom interaction changes the wave decay pattems
for hurricanes of different intensity, the wave attenuation for different ARP waves were
compared along each transect. The best estimate soil properties were used. Figure 2.17
shows these wave decay curves. As discussed before, SWBI gives a correction factor R,
as output, which can be applied to the Oceanweather rigid bottom wave height forecasts.
Based on the analysis results, envelopes of Ry, and the best-estimate values are given in
Figure 2.18. For the sake of comparison, wave attenuation patterns along different
transects were put together in Figure 2.19. Also, the results of expected maximum wave
heights for different return periods and wave depths are summarized in Figure 2.20. As
weather station Ixtoc A is very close to C-C transect, where the observed wave height
data is reported during Hurricane Roxanne, a SWBI analysis model of Roxanne was built

along this transect for the sake of calibration. The results are shown in Figure 2.21.
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Wave Altenuation for A-ATransect : 10000-year ARP (extrapolated)
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Fig 2.14a 10000-year ARP (extrapolated) expected maximum wave heights
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Fig 2.14b 10000-year ARP (meteorological) expected maximum wave heights

48




Wave Attenuation for A-A Transect: 1000-year ARP
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Fig 2.14d 100-year ARP expected maximum wave heights
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Wave Attenuation for B-B Transect: 10000-year ARP (extrapolated)
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Wave Attenuation for B-B Transect: 1000-year ARP
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Fig 2.15d 100-year ARP expected maximum wave heights
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Wave Attenuation for C-C Transect: 10000-year ARP (extrapolated)
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Wave Attenuation for C-C Transect :10000-year ARP(meteorological)

|

®

®

Expected Maximum Wave
Height(m}
]

—e— OW Rigid Bottom Forecasl
s & Upper Bound Soil Properties
" —i—Mean Value Sail Propeties
" — —3—Lower Bound Soil Properties
53 _ . R :
20 20 40 50 60 70 80 90 100 10 120
Water Depth(m)
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Wave Attenuation for C-C Transect: 1000-ysar ARP
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Comparison of Wave Attenuation for Different ARP: A-A Transect

with Best Estimated Sol Properties
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Maximum Wave Height Corretion Factor vs Water Depth For
1000-year ARP Hurricanes
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Comparison of Different Wave Path :1000-year ARP with Best
Estimated Soil Properties
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2.3.1.2 Discussion of the Results
Based on the foregoing analysis results, some interesting observation can be made and
some useful conclusions can be drawn about the wave decay characteristics in the south

region of the Bay of Campeche:

SWBI model predicts a large amount of wave attenuation when the wave propagates
from deep water to shallow water in this region. Compared with Oceanweather’s forecast,
this analysis forecasts an attenuation percentage of 70-90% at the water depth of 50m and
40-80% at 20m. It is important to emphasize that these values are for the conservative
wave propagating paths. More intensive attenuation can be expected to occur in the field.

This has been confirmed by Roxanne calibration (Figure 2.22). Based on the results, the
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predicted maximum wave height at the water depth of 50m along C-C transect is 1im.
The wave height reported by weather station Ixtoc A is Sm. The variance may be due to
following reasons: First, Ixtoc is not exactly on the C-C transect. Second, the actual wave
attenuation path lead to this site during Roxanne may be different from the transects in
the analysis. Third and the most important, the soil around the site, based on the boring

log, has a great variability.

It is believed that the Roxanne path was different from C-C transect and should be much
longer. Also, it is no surprise that soil properties vary by more than a factor of 2 over
short distances. Therefore, from this point of view, Roxanne calibration did show a large

potential of wave attenuation and a good agreement with the field data.

Maximum Wave Height - m

30 40 50 60 70 80 90 100
Water Depth - m

Figure 2.22 Hurricane Roxanne maximum wave height calibration
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The comparison between different transects showed the influence of wave travel distance
and sea floor bathymetry on wave attenuation. In the analysis, Lio , the distance over
which wave loses 10 percent of its energy were computed by the SWBI program. For the
same Lo , longer wave travel distance produces more attenuation. However, the
influence of wave travel distance is not as significant as that of soil properties. Figure
2.17A summarizes the results of the longest path. Figure 2.17B summarizes the results of
the shortest one. There is no significant difference between the wave decay patterns along
them. The reason is that soft soil plays the major role in the wave attenuation. The soil
conditions along the path of propagation of ocean waves are critical to the attenuation
process. Wave heights at a site depend on the soil properties actually encountered along
the propagation path. For an exposed site, wave direction becomes important because
different directions of approach could present different soil profiles to the propagating

waves,

The results in Fig 2.17 show some interesting trends for different return period wave
heights. Hurricanes with different return periods, but traveling along the same transect,
have the tendency to be attenuated so that the wave heights in the shallow water are
almost the same. Wave attenuation caused by soft sea bottom imposes a “limit” on the
wave height in shallow water. This means that the wave spectrum is “truncated”. This
confirms the conclusion that wave attenuation is very sensitive to deep water wave height
and wave period (wave length). Longer waves interact with soil bottom more than shorter
waves. Furthermore, this indicates that the variability of wave height in the shallow

water is decreased dramatically due to the sea wave bottom interaction. For more intense
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hurricanes, the wave attenuation starts earlier when it approaches to shallow water and
the wave decays more quickly. The offshore soils absorb a large part of wave energy so
that the near shore soils are protected from high strains. Figure 2.21 also presents similar
interpretation. For water depth of 30m and 50m, the expected wave heights are almost the
same for hurricanes with return periods of 1000 years and 10000years. The slopes in the

graph from 10000-year to 1000-year are small.

Also in Figure 2.17, one can notice that at 20 meters water depth, 10000-year APR
hurricane is attenuated more that 1000-year hurricane. This confirms the conclusion that
longer wave with relatively lower height experience more attenuation than the shorter
wave with higher height. The results also demonstrate that the soils in Bay of Campeche
have very large potential to absorb the energy of incoming large ocean waves without
failing themselves. This is illustrated in the maximum ratio of shear stress to shear
strength, /Sy, in the soil layers. The values were always less than 1.0, around 0.9, even

for the extrapolated 10000-year return period hurricane.

For a selected wave transect, variability of wave height in shallow water is decreased. On
the contrary, the rigid bottom wave height correction factor, R.,, has an increasing
variability in shallow water as shown in Fig. 2.18. However, R, involves large
uncertainties of the wave attenuation in the whole region, including:

* the variability in wave direction,

* soil profiles along the wave propagating path,

* Cyclic degradation, and
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* sea floor bathymetry, etc.

This results in large uncertainty of Ry, in shallow water. Comparison of Figure 2.18A and
Figure 2.18B turns out that Ry, for 1000-year APR is a little smaller than 100-year APR.
But the difference is not too large. It implies that the variability of Ry, is small with

respect to different hurricane intensity.

Examining the wave height decay curves, one can find some unusual changes in certain
curves. Generally, this implies a change of soil profile at that station. Some of the
changes are so abrupt that analysis program can not linearize them properly. To solve this
problem, one can add more incremental intervals, or even interpolate an intermediate soil
profile to smoothen the abrupt change. However, too small intervals may result in more
computing time and sometimes difficulties of numerical converge during the nonlinear
search. This problem is unavoidable for a continuum model in the analysis. For most
cases, the influence of these kinks is small and overshadowed by other assumptions used
in the analyses. However, these kinks do reflect the actual field soil behavior considering

the fact that soil profiles may have great change over a very short distance.

In the parametric analysis, three versions of soil profiles gave a reasonable range of
forecast wave height. As a sensitivity study, some extreme soil conditions were also used
in the analysis, such as a Gmax/Su value as low as 30 and the top layers shear strength of
20-50pcf after the degradation due to cyclic wave loading. Although these are considered

unlikely, the results did demonstrate the potential of very large amounts of wave
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attenuation when deep water wave energy propagates in shallow water over soft sea
bottom in this region. Actually, there is great uncertainty in the ratio of Gmax/Su. For a
extreme case, Schapery and Dunlap once suggested this initial shear modulus ratio,
Gmax/Su, to have a value of 32 at the site of Boring 1 in South Pass 57 in the Mississippi

Delta(1979).

2.3.2 Wave Decay Analysis in the North Region

Unlike the situation in the south region, where there are a lot of boring logs from soil
investigations, there is no such a database in the north region. This is another reason why
we chose three representative soil properties in the study. Although unlikely, the soil
properties are assumed to be of the same soil profiles as a reliability approach. By this
approach, three cases can be derived: weak soil transects, strong soil transects and
expected soil transects. This is intended to capture the mean, upper bound and lower
bound of the sea floor soils’ response to the propagating waves. Different combination of
soil types along the wave transects from deep water to shallow water, such as strong-
weak-weak, strong-expected-weak were also studied. This study analyzes about 30 cases

with different wave, soil and bathymetric conditions.

2.3.2.1 Presentation of the Analysis Results

Around 100 runs of the SWBI program yielded a large amount of output data that are
summarized in the following figures. The calculation results along S-S transect are
summarized in Figure. 2.23a - Figure 2.23e, with different soil strength profiles, different

Grax/Su values and different return period wave conditions. According to the results,
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there is little soft sea floor wave attenuation along this transect in the water depth range
of 60-200m. The soft sea floor effects become notable in shallow water with a depth less
than 60m. Figure 2.24a - e summarizes the similar analysis results for N-N transect.
Noted that the wave attenuation patterns with respect to the depth are different from those
in the S-S transect. They are much smoother, without a drastic drop in the depth range of

40-60 meters.

There is evidence that the oceanographic characteristics in the deep water are not uniform
in the north region. Besides the deep water wave heights and periods stated in Table 2.3,
some new characteristics are also studied. The 100-year ARP hurricane has a maximum
wave height of 19.0 meters and a wave period of 13.4 seconds. The 1000-year hurricane
has a maximum wave height of 25.7 meters and a wave period of 15.5 seconds. For these
cases, the wave height forecast for the expected soil properties are plotted in Figure 2.25

and Figure 2.26.

As to the combination of different soil properties along a wave transect, the S-S transect
was taken as an analysis example because it has more intensive soft sea floor effect than
the N-N transect. The results comparing these different combinations are summarized in

Figure 2.27.
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Fig 2.23a Wave height prediction at S-S transect with expected soils
for the 1000 and 10000 years ARP hurricanes
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S-S Transect Soft Bottom Wave Height Pridection{100-yr Arp, expected soil

profile)
17.0
] ]
16.0
‘E‘ 15.0
£
5 |
&
I 140 -
2 —&— Lower bound G/Su
E 13.0 —=— Mean G/Su
E —#— Upper bound G/Su
E 12.0 —»— Hgid Bottom
z
1.0
10.0 1 l - t
200 150 100 20 80 70 60 50 40 30 20
Water Depth(m)
S-§ Transect Soft Bottom Wave Height Prediction(10-yr Arp, expected soil
profile)
12.0 :
- 1104 — . —_—
E’ i
£
o
£ i¢.0 T 1
¢ ‘ —&— Low er Bound G/Su
; —— Mean G/Su
E 80 —air— Upper Bound G/Su
E —»— Rigid Bottom
£ 80 !
70 i
200 150 100 90 80 70 B0

Water Depth(m}

Fig. 2.23b Wave height prediction at S-S transect with expected soils
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$-S Transect Soft Bottom Wave Height Pridection(100-yr Arp, WEAK soil)
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S-STransect Soft Bottom Wave Height Prediction(1000-yr Arp, WEAK soil

properties)

220
- 200
E
£
E 180 —e— Lower Bound G/Su N
¢ —i— Mean &/Su
g —&— Upper bound G/Su
16.
§ 0 ~ye-~ Rigid Bottom
[= !
%
)
= 14,0
120 . . — ¢ i
200 150 100 90 80 70 60 50 40 30

Water Depth(m)

S-S Transect Soft Bottom Wave Attenuation Prediction(10000-yr ARP, WEAK

soil)

24.0

280 .
26.0 I_\L\g‘

8 B
o o

18.0

16.0 4

~a— Upper Bound G/Su

—8— Low er bound G/Su

—&- Mean &/Su

—a&— Higid Bottorn

Maximum Wave Height (m)

14.0

12.0

10.0

180

100

70 60 55
Water Depth(m}

50
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S-S Transect Soft Bottom Wave Height Prediction (10000-yr ARP, STRONG soil}
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Fig. 2.23e  Wave height prediction at S-S transect with strong soils
for the 1000 and 10000 years ARP hurricanes

69




Soft bottom Wave Height Prediction (N-N transect, expected soil properties,

10000-yr ARP)
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Fig. 2.24a Wave height prediction at N-N transect with expected soils
for the 1000 and 10000 years ARP hurricanes
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N-N Transect Soft Bottom Wave Height Prediction (100-yr ARP, expected soil
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Fig. 2.24c Wave height prediction at N-N transect with weak soils
for the 1000 and 10000 years ARP hurricanes
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N-N Transect Soft Bottom Wave Prediction(100-yr ARP, WEAK s0il)
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$-8 Transect Soft Bottom Wave Height Forecast(expected Soil 100-yr ARP)
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Fig. 2.25 Wave height predictions at S-S transect with expected soils
for the 1000 and 100 years ARP hurricanes with new deep water characteristics
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N-N Transect Soft Bottom Wave Height Prediction(Expected Soil, 1000-yr ARP)
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Fig. 2.26 Wave height predictions at N-N transect with expected soils
for the 1000 and 100 years ARP hurricanes with new deep water characteristics
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Case study of different combination of soil types along
$-5 transect(1000-yr ARP)
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Figure 2.27 Wave height predictions at S-S transect with different combination of
soil types for the 1000 years ARP hurricanes

2.3.2.2 Discussion of the Analysis Results
Based on the analysis results summarized above, there is some degree of soil sea floor
wave attenuation in the north region. But it can be seen that the wave attenuation due to

the sea wave bottom interaction is not as intensive as in the south region.

The SWBI model does not predict a large amount of wave attenuation due to soft sea
floor when the wave propagates from deep water to shallow water for the expected and
strong soil profiles. For the strong soil profile, there is almost no difference between the
rigid bottom forecast and the soft bottom forecast. In this case, the soils are so strong that
they are not highly strained by the wave pressures. This can be seen by comparing the

results obtained by specifying different values of Gmax/Su. They are almost the same.

77



This is another difference from the wave attenuation in the south region, where the wave
decay patterns are quite sensitive to the values of Gmax/Su. The Gmax/Su almost has no
effects in the north region, given the expected or strong soil conditions. The reason for
this is that the top layers of very soft soil are thin. The cyclic degradation of these layers
have little impacts on the total wave attenuation, while the deeper layers of stiff clays
have high resistance to wave induced shear stresses. The total attenuation coefficient is
almost the same for different values of Gmax/Su. In all the cases for strong and expected
soil profiles, the largest wave attenuation due to soft sea floor is 2 meters in wave height,
which is relatively small compared with the total wave height. This small difference can
be regarded as unimportant in the reliability model. The natural variation of other factors

can easily overshadow this soft sea floor effect in the final reliability evaluation results.

There are also differences between the wave decay patterns at the N-N and S-S transects
after the sea floor effect is taken into account. Considering the fact the soil profiles are
the same in both transects, these difference can be credited to the bathymetric differences
along the transects. This conclusion implies that the influence from other factors such as

sea bottom friction, shoaling and wind are decisive in the North Region.

However, for the weak soil profile, which has similar Su values to that in the south
region. The soil effect factor Ky, has notable influence on the wave height, just the same
as what happened in the south region. The Gmax/Su for this case also has great impacts
on the K, thus significantly reducing the wave heights in the shallow water. The

maximum magnitude of such reductions is 7 - 8 meters. These values are comparable to

78



the sea bottom wave interaction in the south region, though a little smaller. Considering
that the wave transects in the north region are shorter than those in the Bay of Campeche,
these results are quite reasonable. Given the presence of weak soil profiles, the soils again
become the dominant factor in the shallow water wave decay pattern. Gmax/Su still plays

a major role in this case.

The weak, strong and expected profiles do not represent a very large variability in S, but
they result in quite different wave attenuation. This result indicates that there could be
notable attenuation due to soil movement if one has an extreme case of the weak soil with
relatively lower S, in the north region. Although this is not a likely case according to the
soil boring data in the north region, this parametric study shows that there is possibility of
large wave attenuation in the north region. Meanwhile, it is emphasized that for the
normal cases, the soils in the north region would not induce large amount of wave energy

dissipation. The soft sea floor effect is not manifest here.

Examining the results for 10000-year ARP hurricanes in both the N-N transect and S-S
transect, another exception for extreme case can be found. The attenuation due to the soft
sea floor are notable. This implies that the soils in the North Region are not strong
enough to resist the very intensive hurricanes. They will be forced to move by the wave

pressure, coupling with the movement of the water and thus reducing the wave heights.

As a parametric study, a few more runs of SWBI program which combine the different

soil profiles along a transect are also made. The logic for these runs is that the soil
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properties do not keep unchanged through a whole wave transect. Usually there is a
tendency that soil strength is stronger in the deep water and weaker in the shallow water.
The soil strength and other properties may change dramatically in a short distance, just as
what happened in the south region. The results in Figure 2.27 show that the lowest wave
height can be predicted for the case of a combination of strong soil - weak soil - weak soil
profiles along S-S transect. But the difference between the result from a weak-weak-weak
transect is very small. This indicates that the weak-weak-weak transect does capture the

lower bound of the wave attenuation due to the soft sea floor effect.

2.4 Summary and Conclusions of Wave Attenuation Analysis

The analyses of wave decay patterns in the Bay of Campeche has improved the
understanding of the characteristics of sea bottom wave interaction in this area. Wave
attenuation caused by sea bottom wave interaction is affected by wave height; wave
period; shear resistance, shear modulus, and other properties of the soils; and sea floor

bathymetry. Among them, soil properties are the most important.

Because of the coupling movement of water and soil, the wave attenuation can be related
to the maximum stress level induced in the soil. The attenuation rate is very sensitive to
the stress level in the soil. The maximum stress level includes the influence of wave
height, wave period, and soil characteristics. The stresses induced by ocean waves vary
throughout the soil mass, and the maximum shear stress in an element of soil varies in a

nearly sinusoidal pattern along the wave length at a given depth.
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The actual wave attenuation also depends on the time history of wave loading on the sea
bottom as well as the soil’s sensitivity to degradation of stiffness and strength with cyclic
loading. Variation in the shear modulus, shear strength, and hysteretic damping
characteristics of the soft soils over the path of wave propagation are quite important in

the attenuation of waves, especially in water depth less than about 90 meters.

Based on the study of sea wave bottom interaction in the Bay of Campeche, the south
region area does have very soft soils that are responsible for large amount of wave
attenuation and mud movement during ocean storms. This interaction is not a negligible
factor for the wave height forecast in shallow water. The rigid bottom wave height
correction coefficients are developed for different water depths in this study. This
correction factor summanzes the wave attenuation effects for the Bay of Campeche. This
means that there is a significant correction of the extreme ocean wave loading conditions
for the reliability analysis of the platforms in this region. This implication has been
incorporated into the development of the design and re-qualification criteria of platforms

in the Bay of Campeche.

In the north region, wave decay patterns are also affected by wave height; wave period,;
shear resistance, shear modulus, and other properties of the soils; and sea floor
bathymetry. Unlike the situation in the south region, the major factors are sea floor
bathymetry characteristics in the region. However, as an extreme case, if the soils are
degraded to the extent that they exhibit the similar behavior as those in the south region,

there is a possibility that the large amount of soft sea floor wave attenuation occurs. The
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analysis results are helpful for the quantification of the uncertainties in the ocean
environmental loading conditions in this region. The forecasted wave heights associated
with the extreme loading cases in the reliability analysis are incorporated into the desi gn

and re-qualification criteria developed for the north region.
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Chapter 3

Analyses of Pile Dynamic Response

3.1 General Background of the Analysis

In the field of Offshore Engineering, foundation design is an essential element for fixed
platforms. General engineering guidelines for treatment of this problem are still under
development and subject to updating. High quality experimental and analytical research

needs are highlighted.

3.1.1 Review of the Current Research

Pile foundations are a classical research subject in the design and construction of offshore
oil dnlling platforms. Realistic modeling of pile foundations is crucial to the validity of
the results of static and dynamic structural analyses of offshore platforms. Furthermore,
the comprehension of both the static and dynamic response of a single pile to the external
loading is the cornerstone for all the analyses in the field. The state-of-art design
technique and theory concerning pile foundation is still under development, though there
have been extensive research effort on this topic. In the past, foundation failures were
often predicted to be the dominant failure mode of platforms. However rarely have the
observed failure modes included failure of foundation elements. This fact indicates that
the traditional methods of predicting the uitimate capacity of pile foundations are in

general conservatively biased.
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The state-of-practice design criteria for pile foundations are generally founded on a static
or pseudo-static approach. To keep the analysis tractable in interpreting of complicated
pile-soil interaction phenomenon, this kind of method has several simplifying

assumptions:

o The capacities of offshore piles can be calculated using methods based primarily upon
tests of relatively short onshore piles that were loaded slowly to failure, i.e. the
validity of the method are usually correlated to the static loading test;

» Pile capacity reductions due to the degradation of soil resistance by cyclically applied
loading do not need to be considered explicitly; and

» Pile capacity increase that can occur in clay soils during rapid loading also does not

need to be considered explicitly.

Static pile-capacity methods have been used to determine the pile foundation
configuration for the pile foundations of the more than 10,000 offshore platforms that are
now located on the world’s continental shelves. These foundations have had a remarkable
record of reliability. The American Petroleum Institute (API) has developed guidelines
for evaluation of the capacity of the pile foundations (API RP2A, 20th edition 1993).
These guidelines address operating and environmerital loading; determination of static
capacity; influences on capacity, stiffness; applications of discrete element and
continuum analytical models; use of in situ and laboratory soil test and prototype pile-
load tests in soil characterizations; evaluation of load, resistance, and deformation

characterizations at serviceability and ultimate limit states; and interpretations and
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applications of results. These guidelines represent the culmination of a 20-year

development effort of worldwide research regarding pile foundation performance.

However, as stated in the principal assumption of the static-capacity calculation method,
two important factors, which affects the in-situ performance of pile foundations are not
addressed: the loss of strength and stiffness of the pile-soil system due to cyclic loading,
which i1s obvious in the wave loading during a storm; and the increase of strength and
stiffness due to the high loading rate effects, which is typical in earthquakes and storms.
Bea (1984) summanzed trends that have been observed of piles tested for these two
effects. Load rate effects can result in effective increases in pile strength and stiffness on
the order of 20% to 80% for loading rates consistent with wave action. Assuming the
trend continues without degradation, the expected increases for earthquake loading rates
would be much higher, shall be to the order of 2-3. Cyclic loading tends to result in
progressive deterioration of pile foundation strength and stiffness. Hysteresis curves
generated for piles will tend to exhibit pinching and softening for repeated cycles. Tests
have shown that the soil support for the pile in the top stratums will suffer a drastic
reduction due to cyclic loading from wave force. How to reflect these two effects in the
prediction of the real in-situ pile foundation response is still under investigation. To be
conservative, current state-of-the-practice in offshore engineering tends to recognize
cyclic degradation in determining response. This is achieved by implicitly incorporating
these effects into the static capacity analysts, or by including such negative effects in the

safety index in pile foundation design. Meanwhile, the beneficial loading rate effects are
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not taken into account. It is obvious that further research is needed in this area to better

define the interaction between these two phenomena.

Assessing the structural integrity of an offshore platform requires balance between
considerations of strength and economy. In the case of foundations, this requirement
translates into the need of better understanding of their performance and more realistic
modeling of their behavior so that the foundation are not designed with unnecessary
reserve capacity. This need has led to focus on the study of dynamic response of pile
foundations. This analysis incorporates the two major factors not addressed by static
method. It also involves other important factors affecting the real dynamic response of
the pile foundations. This effort has resulted in numerous valuable information in guiding

the design and construction.

Bea (1984) published a keynote paper on the dynamic response of the pile foundation.
This paper provides a comprehensive treatment of the basic approaches to this problem.

The main concems in the prediction of the pile foundation behaviors are as follows:

¢ Dynamic response depends primarily on external loading patterns and the inherent
structure properties;
e Environmental loadings are dynamic. Loadings on platforms are developed from the

motionless ocean and earth crust. It is crucial that they are well understood;
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¢ Nonlinearity is a key concem in the analysis: in presence of soil, which are highly
nonlinear, the pile foundation exhibits complicated coupling action between the soil
and the steel piles;

¢ High strain rates increase strength and stiffness;

® (Cyclic strains decrease strength and stiffness;

¢ (yclic loading leads to accumulated displacements; and

* Damping developed from pile foundation 1s important.

3.1.2 Uncertainties in the Pile Response Prediction

The analyses in this report are founded on a reliability approach. This approach
overcomes the drawback of the usual approaches that do not permit a quantitative and
systematic treatment of the unavoidable uncertainties in a complicated design and
construction process. One key step in the reliability analysis procedure is the
identification of the uncertainties involved, their characteristics, and the bias introduced
in the various calculation methods used in the analysis. The statistics of such factors shall
be figured out so that the contribution of these factors to the total structure reliability can

be obtained.

In practice, designers of offshore platforms and pile foundations deal with numerous
uncertainties, including imperfect knowledge of the frontier such as: the loads to which
the superstructure is subjected; the behavior of the superstructure under those loads; and
how the founding soils respond when those loads are transmitted to them via the

foundation piles.
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In the frontiers mentioned above, Tang (1988, 1990), Bea (1983), Folse (1989), Ruiz
(1984, 1986), Yegian and Hadley (1979), Olson (1984), Kullhawy (1984), Briaud and
Tucker (1986) have identified various factors affecting offshore pile capacity prediction.
These studies suggested estimation of the calculation bias the uncertainty statistics
properties associated with these factors. The conclusions concerning the major
component of uncertainties involved in the prediction of pile capacity can be summarized

as follows;

¢ Soil properties uncertainties,
e [oad parameters uncertainties, and

¢ Prediction model error.

Uncertainties in the soil properties are a major contribution to the overall system
uncertainties. There are several very important soil parameters needed to define the p-y
and t-z curves for pile foundation analysis, such as undrained shear strength, unit weight,
friction angle, and shear modulus. As an inherent character of soil mechanics, these
parameters subject to large variation due to natural inhomogeneous properties of in-situ
soils, and distribution during lab or in-situ test, not to mention the system variation
derived from various test methods. The major uncertainty sources in soil parameters are

listed as follows:
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Non-standard sampling or test methods. Their effects are not completely avoidable
on the determination of the soil properties, even though very high quality test are
performed.

Spatial vanation of soi1l properties. This variation is due to the randomness associated
with the natural deposition process, which is the inherent variability with the macro
geological structure. Consequently, soil properties do vary along the length of a pile
and across the site.

Insufficient number of soil samples. This leads to error in the interpretation of the soil
properties based on widely scattered locations in field, thus affect the averaged soil
properties input to the analytical prediction model.

Systematic error of soil properties. Sometimes, despite the availability of a large
amount of measured data, the estimation of the soil properties could still be subject to
significant error. The reason is simply that all the measurements made could have
been consistently too high or too low due to common sample disturbance, calibration

error of instrument, or other factors.

Load uncertainties can also be very large. An offshore platform can be subjected to

environmental load induced by waves, wind and possibly earthquakes, which all have

large inherent probability of variation. For example, the annual maximum wave height

fluctuates constderably between years. This inherent variability is further magnified by

the uncertain dynamic transfer function relating the wave characteristics to the induced

loading at the pile head. The main loadings transmitted onto a pile head take the form of

axial load, lateral load and possibly bending and torsion moments. However, the structure
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behavior at connection between jackets and piles is extremely difficult to predict. The
forms and values of actual loading and boundary restraint on the pile have a large range
of variation. Moreover, the patterns of cyclic degradation and high loading rate effects in
the dynamic analysis are subject to insufficient understanding, thus involve large

uncertainties in the pile capacity prediction.

Each pile capacity prediction method has some simplifying assumptions. This uncertainty
is a systematic error that varies among different prediction methods. Experiments and
field tests indicate that even if the soil parameters in the input to prediction model could
be accurately determined and if the applied loads are carefully controlled, discrepancies
would still develop between the predicted and measure pile responses. Besides this, the
numerical and discretization procedure in the current prediction models to solve the
beam-column equation could also impose additional uncertainties. Furthermore, most
present prediction models are correlated to the load test results to verify their validity.
Thus the discrepancy between in situ pile capacity during operation and that measured in
load test program imposes another uncertainties on the pile foundation analysis. The pile
capacity measured at a load test does not necessarily have the same capacity of a similar

pile during a storm.

For instance, load tests are generally performed within 100 days of pile installation,
whereas the maximum load applied to a pile during a structure’s lifetime may occur years
after installation. For most normally consolidated clay where soil strength around a pile

generally increases with time after pile installation, the capacity measured during load
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tests could significantly underestimate the actual pile capacity due to this re-consolidation
effect. Generally the capacity measured during the load tests with relatively slower
loading rate underestimate the actual pile capacity. Other factors can also be identified
that would cause a discrepancy between the load test capacity and the actual capacity
during operation, such as soil re-consolidation, pile compressibility, jacking error during

load test, etc., thus increase the uncertainties in the prediction model.

This study focuses the research effort on identifying the uncertainties in the prediction

models by the means of comparing predicted capacities obtained from several methods.

3.2 Analysis models

The prevailing analytical models in use at present time is the discrete Winkler foundation
model of beam-column based on non-linear soil support. Numerous researchers have
studied the pile-soil capacity problems using this model (Matlock, 1978; Kagawa, 1986;
PMB, 1988; Bea, 1992; Wang, 1996; Lok and Pestana 1997). This model is superior to
the finite element model since its prediction fits the measured pile behaviors better. The
Winkler foundation model is illustrated in Fig. 3.1. This report also takes the discrete
element method as basic approach. There are three prediction models in this study: the
SPASM lateral response prediction model, the more versatile analytical model developed
by DRAIN3D structure analysis software package, and the platform capacity assessment
tool ULSLEA/TOPCAT. The purpose of these models is to investigate the ultimate

behavior of the pile-soil system.
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Figure 3.1 Winkler pile foundation model

3.2.1 SPASM model

SPASM is general beam-column analysis computer program, developed by H. Matlock
and S. H. C. Foo(1978). It enables the study of the lateral response of soil-pile systems
under various loading histories. In the SPASM program, the single pile member is
represented by a discrete-element mechanical model and is restricted to linearly elastic
behavior. Simplified superstructure effects can be simulated by increased stiffness along

the pile member and by coupled rotational restraints at appropriate joints.

The typical Winkler discrete element model of near field soil is used in the SPASM

model. The soil-pile coupling at each node along the embedded length of the pile is

represented by a multi-element assemblage of friction blocks, springs, and dashpots that
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facilitate the examination of hysteretic soil-pile interaction. These elasto-plastic sub-
elements represent the nonlinear-inelastic behavior of the lateral soil support. The
combination of the actions of these sub-elements is intended to simulate the characteristic
reaction-deflection behavior of the soil support, which is expressed as p-y curves at
different depths. The nonlinear-inelastic soil support model allows either degradation or
hardening of resistance as a function of deflection and of the number of reversals of
deflection in the range beyond an initially elastic condition. Furthermore, the formation
of gaps is allowed to properly represent the expected soil-pile interplay in the upper

layers of the soil.

To simplify the analysis procedure, there are some principal assumptions and
idealizations in the model. The pile is made up of an assemblage of rigid discrete
elements (bar). The pile elasticity, external loading and restraints are concentrated at the
nodal points (pile station) between two elements. The shear forces and axial thrusts are
transferred across the rigid bar. The axial deformations of the pile are neglected. The
behavior of the pile is in the range of elasticity. The soil response is simulated by a series
of closely spaced springs, friction blocks and dashpots. The adjacent springs, friction

blocks and dashpots are unaffected by each other under deformation.

The numerical solution method applied in the program is of an implicit type (Crank-

Nicolson, 1947). With this method of formulation, compatibility of displacement is

enforced along the beam-column member at each time step. This numerical method
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yields desired computation accuracy, stability and reliability in the dynamic analysis. The

dynamic beam-column model of the combined pile-soil system is illustrated in Fig. 3.2.
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Figure 3.2 SPASM model of pile-soil interaction
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One thing shall be noted is that this model assumes an elastic pile in soils. The validity of
the model is doubtable after the first yielding occurs in the pile. To keep a clear total
picture of the pile response, this study assumes the steel pile exhibits an elastic-perfectly-
plastic behavior. The second-order strain hardening phenomenon is neglected. This
means the stiffness of the pile will reduce to zero after yielding take places. So there will
be a significant loss in the stiffness of the steel beam-column based on non-linear soil

SUpports.

If the lateral load on pile element in the SPASM model keeps increasing after yielding,
this analytical model will miss to capture the real deformation of the pile. However,
theory and experiments have proved an ultimate collapse mechanism of such a beam-
column. The pile will collapse after formation of two plastic hinges at certain locations
along the pile length. For a beam with annular cross section and rotational fixed end.
empirical and theoretical formulae have demonstrated the ultimate bending moment for
such section is around 1.3 times the first yielding bending moment. Loading to this level
will form the first plastic hinge in the beam. And it will usually take 1.4~1.5 times this
loading to form the second plastic hinges. Based on this argument, an analysis by
SPASM is performed to estimate the ultimate capacity of a laterally loaded single pile. It
shall be emphasized that this analysis can only roughly capture the ultimate behavior of
the pile with respect to the magnitude of loading at the pile head. Neither can it predict
the real displacement of the pile head, nor can it indicate the final collapse patterns of the
pile. The results from this study by SPASM are taken as a reference to the more powerful

prediction model by DRAIN3D. They are also correlated to the ultimate capacity
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prediction obtained by ULSLEA/TOPCAT. The detailed results are documented in the

following sections.

3.2.2 DRAIN3D model

To evaluate the ultimate capacity of the pile foundation, an analytical model that is
capable of handling both non-linear steel pile and non-linear-hysteretic soil supports is
needed. In this study, such a model is developed using the structure analysis software

package DRAIN3D.

DRAIN3D (Dynamic Response Analysis of Inelastic 3-Dimensional Structures)
computer program is a member of the family developed from DRAIN-2D at the
University of California at Berkeley. The most recent version DRAIN3DX was
developed in 1994. It is a powerful structure analysis tool for general use. The software
package consists of a “base” program which manages the data and controls the analysis
procedure, plus a set of subroutines for each element type which control the element
details. Information is transferred between the base program and the elements through an

interface that is the same for all the element types.

To perform an analysis of a structure, the structure is decomposed into an assemblage of
3-dimensional nonlinear elements connected at nodes. Nodes are identified by number,
and need not be numbered sequentially. Each node has six degrees of freedom
(translation and rotation). The elements are divided into groups. All elements in a group

are of the same type. An element is identified by its group number and element number.
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The structure mass is lumped at the nodes, and the mass matrix is diagonal. A viscous
damping matrix that is proportional to the element stiffness and nodal masses can be

specified. The form of this matrix is:

C=zaM +3 fK, 3.1

where M is the mass matrix, and K is stiffness matrix.

In effect, mass dependent damping introduces translational and/or rotational dampers at
each node, with damping coefficients a. Different values of o can be specified for each
node of desired. Stiffness dependent damping introduces dampers in parallel with the
elements. Different values of P can be specified for each element group. The damping
matrix, Kg, for any element, however, remains constant. In the current version of many
elements, K, is set equal to the initial element stiffness, K. If desired the o and B values

can be globally scaled between analyses.

The program uses an event-to-event strategy to solve the nonlinear problem, where each
event corresponds to a significant change in stiffness. When an event occurs, the structure
stiffness matrix is modified and an analysis is performed for the next step. It also permits
a detailed energy balance calculation. This calculation accounts for the external work on
the nodes, static elastic-plastic work on the elements, kinetic energy, and viscous
damping work. If there is a significant energy unbalance, the analysis results are likely to

be inaccurate. This scheme is simpler and more stable. But it requires more calculating
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time. To reduce the execution time, provision is made for event overshoot tolerances to
be specified, so that the structure stiffness is not modified at each exact event but at a

somewhat larger load.

Although the pile foundation response problem is principally a 2-dimensional problem,
DRAIN3D is chosen over DRAIN2DX because the recent 3D version contains more
versatile elements which are needed to simulate the unique stress-strain curve and cyclic
degradation characteristics of the soil support. The elements contained in the recent

DRAIN3D version element library are as follows:

* FElement type 1: inelastic truss bar;,

* Element type 4: simple connection element;

* Element type 5: friction bearing element;

® Element type 8: fiber hinge beam-column element;
* Element type 9: compression/tension link element;
* Element type 15: fiber beam-column element;

* Element type 17: elastic beam-column element;

The elements used in this report are element type 1, 4, 15. Type | element is a simple
inelastic bar. It’s nonlinear force-displacement curve can specified by defining the
material properties of the bar. It can transmit axial load only. So it is an ideal element to

simulate the axially loaded steel pile. It is also used to represent the artificial rigid bar at
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each node by define a large stiffness coefficient. The purpose of such a rigid bar is

explained in the following sections.

Type 4 is a simple inelastic element for modeling structure connections with rotational
and/or translational flexibility. It is used to form the elastic-perfectly-plastic spring group
parallel or vertical to the pile axis direction to simulate the total t-z{or g-z) curves and p-y
curves respectively. It is also used to specify the rotational restraint at pile head. The
mechanism of this element is quite simple thus doesn’t cost much calculation time.
However, this element has no capability to simulate the displacement softening of the
soil. Thus it is not suitable to use for the case of cyclic lateral loading and the axial
loading analysis. A simple illustration of the mechanism of this element is given in

Figure 3.3.
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o o
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{a) Translational Element
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1
Node ]

Positive Deformation  Negative Deformation

{b) Rotational Element

Figure 3.3 Illustration of the connection element used in Drain3D model
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Type 15 is the most useful element, but also the most complicated one. The element of
this type is further divided into a set of subelements. There are a lot of choices to define
various subelements to simulate different element behavior. A typical subelement
configuration is illustrated in Fig 3.4. The deformable part of the element is divided into
segments. The behavior is monitored at the center cross section (“slice™) in each segment.
The cross section properties arc assumed to be constant within each segment, but can
vary from segment to segment. Each cross section is either elastic or is divided into a
number of fibers. The fibers can have non-linear stress-strain relationships for various
types of material. The typical stress-strain curve can be used in the element is shown in
Fig. 3.5. Note that it has the ability to handle the displacement softening of the material.
It also has degradation feature in strength and stiffness of the connection hinge in the
element. By specifying the inelastic unloading pattern, the hysteretic damping is involved
automatically. By determining the value of the viscous damping coefficient B, a dashpot
parallel to the element is added implicitly to the element. This feature can represent the
radiation damping of the soil. This clement is used widely in the DRAIN3D pile
foundation model to simulate the complicated supporting behavior derived from the near-

field soils.

Proper use of these elements can form a structure frame that can numerically simulate the
combined pile-soil system response to lateral and axial loading. The layout of such a
structure frame is different for these loading cases. The detailed descriptions of these

frames are documented in the following sections.
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Figure 3.4  Element type 15 in Drain3D model: nonlinear beam
with distributed plasticity
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Figure 3.5  Typical “concrete” material stress-strain properties for the soil beams
in Drain3D pile foundation model
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3.2.3 ULSLEA/TOPCAT MODEL

The ULSLEA/TOPCAT program is a simplified screening method for platform
assessments and re-qualifications. It has subroutines calculating the static lateral and axial
capacities of the pile foundation. The previous version of ULSLEA/TOPCAT (V. 3.0)
assumes that the foundation soil of either exclusively cohesive (with variable soil shear
strength) or exclusively cohesionless. The new version ULSLEA/TOPCAT modifies the
current pile capacity strength formulation to allow for the ultimate lateral and axial
strengths of a pile imbedded in separate layers of cohesive and cohesionless material to

be estimated.

In ULSLEA/TOPCAT model, a pile is assumed to reach its lateral capacity when plastic
hinges form at the mudline and at some depth where the moment on the pile reaches the
fully plastic bending moment. By considering the soil at each incremental length along
the pile to absorb load up to the soil’s maximum bearing capacity, the point of zero shear
in the pile can be estimated; this is also the point of fully plastic bending moment in the
pile. Therefore, the depth at which the maximum moment occurs determines the length of
the pile with which the collapse mechanism is formed. This mechanism is shown in

Figure 3.6.

The pile ultimate lateral load and the point of zero shear L, may be related by integrating

the incremental soil resistance S, over the presumed L, :

Py=["5.(2)dz 3.2
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Figure 3.6  ULSLEA/TOPCAT collapse mechanism for analysis of laterally
loaded piles
Using virtual work, another equation relating the point of zero shear and the pile ultimate

lateral load can be developed:

2M b
P, =" L [8.(2)zdz 3.3
Ln‘ Ld Iy]

Equating the two relations by dropping L, allows F,; to be related to the plastic moment

capacity of the pile M, and the cumulative soil resistance.
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The formulae used in previous ULSLEA version (V. 3.0) was documented by Mortazavi
(1996). Following is a brief summarization for the case of linear increasing strength with
depth, which is an estimation of the soil characteristics in the Bay of Campeche.

For this case, the ultimate lateral capacity of the pile, P, ,, can be estimated from the

u,l

following equation:

R(C+@—2M;4A+WQ%L(jﬂZ:O 34

where,

C= %[(—A +né)+ \.‘-"W]

LY
LP
E=15D+X

A=98,D and B=9S,,D

S, and §

ul

denote the undrained shear strength at mudline and at the pile tip respectively

As to the axial pile capacity formulae in ULSLEA/TOPCAT, a pile is assumed to reach
its vertical capacity when all vertical resisting mechanisms (shaft friction and end
bearing) have yielded. The axial resistance of a pile is based on the combined effects of a
shear yield force acting on the lateral surface of the pile and a normal yield force acting
over the entire based end of the pile (Figure 3.7). Thus the ultimate axial capacity Q,, can

be expressed as:

104



Q=0+0 =g4+f A4 3.5

Qp denotes the ultimate end bearing; Q; is the ultimate shaft capacity; q is the normal end
yield force per unit of pile-end area acting on the area of pile tip A, and f, denotes the
ultimate average shear yield force per unit of lateral surface area of the pile acting on
embedded area of pile shaft Ay, It is assumed that the pile is rigid and that shaft friction
and end bearing forces are activated simultaneously. It is further assumed that the spacing

of the piles is sufficiently large so that there is no interaction between the piles.

Figure 3.7  ULSLEA/TOPCAT analytical model for pile axial capacity

After considering the weight of the pile and the soil plug (for open-end piles), the
ultimate compressive loading capacity of the pile, Q., can be calculated as:

LA 3.6

Q faD -Ww)L
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1 3.7

W=y A+y 4= Z[;z,;z(D; ~D)+ 47D
where,

Aq = cross-sectional area of the steel pile
A; = cross-sectional area of the soil plug
Dy = outside diameter of the pile

D; = inside diameter of the pile

f. = yield stress

¥s: = submerged specific weight of steel
¥s = submerged specific weight of soil

L, = pile embedded length

W, = weight of pile and soil plug per unit length

The end bearing capacity can be fully activated only when the shaft frictional capacity of
the internal soil plug exceeds the full end bearing (Focht and Kraft, 1986). This condition

can be formulated as:

gD
4

<(fD+W)L 3.8

For cohesive soils with an undrained shear strength, S,, the ultimate bearing capacity is

taken as the bearing of a pile in clay:
q=9§ 3.9
The ultimate shaft friction is taken as:

f = kS.,.. 3.10
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where k is the side resistance factor and a function of the average undrained shear

strength S,y as given in Table 3.1.

Table 3.1 Side resistance factor formulated in ULSLEA 3.0

Undrained shear strength Side Resistance Factor K
Su.av(ksf)
< 0.5 1
0.5-1.5 1-0.5
>1.5 0.5

The above approach is similar to that suggested in the API RP-2A guideline except the
side resistance factor. The API guideline has a effective overburden pressure approach.
For Pile piles in cohesive soils just as the soils in the Bay of Campeche, the shaft friction
f, in Ib/ft’(kPa) at any point along the pile may be calculated by the equation,

f=ac 3.11
where:

o = a dimensionless factor

¢ = undrained shear strength of the soil at the point in question

The factor, o, can be computed by the equations

a=05y"y<1.0 3.12
=05y y>1.0

with the constraint that, o« <1.0,

where:
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Wy o=cf 1:5 for the point in question

p= effective overburden pressure at the point in question Ib/ft? (kPa)

For comparison with this approach, the ultimate axial capacity calculation follows the

API guideline is also performed and summarized in the following sections.

3.3 Lateral Pile Response
Three analysis models are used in this report: SPASM, DRAIN3D, and
ULSLEA/TOPCAT. This section describes the typical lateral pile response obtained from

these models in the Bay of Campeche.

3.3.1 Pile Parameters, Load Patterns and Soil Properties

3.3.1.1 Pile Configurations

The piles in this study are all driven piles. The pile configurations are typical for a
platform of moderate size in the Bay of Campeche, with a water depth of around 150 feet
(45m). The pile has a diameter of 48 inches, with a penetration of 200 feet (61m). In
SPASM and Drain3D models, the increment between two successive pile stations is set to
be 4 fect to adequately reflect the layered nature of the soil support. Thus the pile are
divided into 50 uniform segments. The starting pile station number has a value of zero
and is assigned to be the pile head at the mudline. The bar numbering starts from 1 and is
located above the pile station with the same number. The pile stiffness is uniform along
the length, 1.8E+12 Ib.in2. The pile weight is 3.0 E+3Ib/station. Thus the density of the

pile used in the computer program is 7.7641b.sec?/in/station. The wall thickness of the
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pile is 1.5 in. Two cases of rotational restraints are assumed at the pile head to
approximately simulate the effects of the platform jacket: grouted pile head (with a
rotational restramt R, =3E+10lb.in/rad) and non-grouted pile head (R. =525
E+9lb.in/rad). For the purpose of systematic parametric study, two exireme cases were

also studied: rotationally fixed head; and free pile head.

3.3.1.2 Different Loading Patterns

The pile-soil systems respond to different loading patterns in different ways. Quick
loading increases the strength and stiffness of the support soil, thus increases the
resistance to the lateral loading by the soil. On the contrary, cyclic loading decreases soil
strength and stiffness and causes degradation. In practice, the design of platform pile
foundatio_n usually takes a static approach as recommended in API. To demonstrate the
effects of these different loading histories, three cases of loading are studied: quasi-static;
quick loading; and cyclic loading. This study took a time history approach. The loading

magnitude in these analyses is linearly increased with respect to time.

As the typical storm wave period in the Bay of Campeche (100-year ARP hurricane) is
about 12 seconds. One-forth of the period is 3 seconds, in which the wave loading
increases from its lowest value to peak value. So the quasi-static analysis has a loading
duration of 3.6 seconds, and it takes 3 seconds to bring the pile to yielding point. The
extra 0.6 second is added to guarantee the numerical consistency and stability at the end

of each calculated time history. This loading pattem is regarded as quasi-static loading.
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Study of this loading pattern gives an estimation of the resistance capacity of the pile-soil

system to the idealized static or quasi-static lateral Joading.

Similarly, for the quick loading, the loading duration to produce yielding of the pile is
taken to be 0.10 second, which is close to the loading rate of a typical earthquake. In the
actual model, an extra 0.01second is added to the loading history for the same reason of
numerical stability described above. The load increases monotonically until yielding
occurs. This case of quick loading studies the sensitivity of the soils in the Bay of

Campeche to the loading rate effects.

As to the cyclic loading, the soil shear strength is time dependent in this case. The
degradation procedure suggested by Matlock is applied in the analysis. The lateral load
amplitude is increased cycle by cycle. As stated before, the period of one cycle is taken
to be 12 seconds to simulate the wave loads. Meanwhile the shear strength is degraded
cycle by cycle, too. Study of the soil properties in the Bay of Campeche has shown that
the number of cycles needed to get 50% degradation, Ns , is equal to 4, and has a range
of 4-6. It means that 15 cycles will cause almost full degradation of the soil resistance to
the lateral loading. So the cyclic loading duration to bring the pile to the point of yielding
is chosen to be 180 seconds, etc., 15 cycles. Similar as other loading patterns, % cycle of
loading is added at the end of the loading history to guarantee numerical stability. The
detailed soil degradation process will be discussed in section about the nonlinear and

hysteretic soil model.
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3.3.1.3 Generalized Soil Properties

Soil Proiles

The properties of the soil in the Bay of Campeche are interpreted and summarized into
the input data for the analysis models. These data include: generalized soil profile; p-y
curves for static, dynamic and cyclic loading; degradation process due to cyclic loading;

and gapping effect.
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Figure 3.8  Generalized soil profile in the Bay of Campeche

Based on the soil investigation information provided by PEMEX, this study used a
generalized soil profile that reflects the typical soil characteristics in the Bay of
Campeche. The soil profile is illustrated Figure 3.8. It shall be noted that the solid line in

the graph is the profile for static and quasi-static loading. The dash line is the profile for
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quick loading. The soil strength and stiffness is increased due to rate effect of loading.
The increasing ratio is 1.2~1.3 based on the in-situ test and laboratory data. A sensitivity
study has confirmed this argument. Another parameter, €50 , which is used in the
construction of p-y curve, is also extracted from the soil investigation data. The value is

in the range of 0.5 to 1%. Sensitivity study about this parameter is also conducted.

Construction of P-Y Curves

In the practice of design, both static and cyclic p-y curves are utilized, depending on the
loading patterns. The static curve is the resistance-deflection path on the initial loading.
The cyclic curves, modified on the basis of the static backbone p-y curves, are intended
to represent a lower bound of resistance for the purpose of equivalent static analysis.
They represent the lower bound of the lateral resistance mobilized by the near-field soils.
The cyclic p-y curves can not be taken as the actual dynamic loading path. To get the
exact dynamic response of the pile under cyclic loading, a time-history approach is taken
to simulate this process. The complicated soil degradation and gapping effects in the top
soil layers are counted in this process. Presumably, this process, with a large amount of
cycles can lead to reasonable agreement with the conventional lower-bound cyclic p-y

curves. This has been confirmed by the study conducted.

To construct p-y curves, the shape of the static backbone p-y curve recommended by
Matlock is used in this study. The lateral loading P and lateral deflection Y are both
normalized by proper critical values. The non-dimensional relationship between them is

given by:
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plp =05(y/y)" 3.13
ye=25¢g5D 3.14
Where, p, is the ultimate static lateral resistance capacity at the depth of concemn. D i1s the
pile diameter. €5 is the strain which occurs at one-half the maximum stress on laboratory

undrained compression tests of undisturbed soil samples.

Based on API guideline, the ultimate static lateral soil resistance capacity can be

determined:
D
P.=9.C x> X, 3.16

Where, C 1s the undrained shear strength of soil at depth x; y is the effective unit weight

of soil; Jis a dimensionless empirical constant; D is the pile diameter. X, is the depth of

the reduced resistance zone.

In this study, the soil shear strength varies with respect to depth below mudline. So, the
depth of reduced resistance zone was taken as x value at the intersection of Equation 3.15
and 3.16. Using this method, the X; of the soil turns out to be around 35.5ft. For the actual
SPASM or Drain3D discrete model, the reduced resistance zone depth is taken to be 36ft,
i.c., at the 9" pile station. Above the gth station, the ultimate lateral soil resistance for
each layer of soil is calculated using Equation 3.15. Equation 3.16 is used to calculate the

ultimate lateral soil resistance below the 9™ station.
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The non-dimensional static backbone p-y curve is actually the same for all soil layers.
The exponential curve is approximated by five straight line segments. The curve shape is

controlled by the following pairs of coordinates.

Table 3.2 Control points of P-y curve

P/P, 0.0 0.42 0.5 0.70 1.0 1.0

y/yy 0.0 0.6 1.0 2.744 8.0 50.0

Two multipliers, one for loading and the other for deflection, are applied to scale the
backbone curve to reflect the real soil support characteristics at cach soil layers. These

scaled p-y curves are input to the analysis models.

The p-y curve for quick loading is derived from the static backbone curve. The rate effect
is reflected in a coefficient K,. Let S,” be the soil shear strength under quick loading.
Then, S’ = K; x S;. The value of K, is obtained from the soil investigation data. As
stated before, this value has a range from 1.2~1.3. Based on this new soil strength profile,
the same construction procedure as described above is taken to generate the p-y curves

used in the quick loading analysis.

As to the cyclic loading, this study didn’t use the cyclic p-y curves derived from static

curves. A time history approach is taken instead. Using the static p-y curve for the initial

loading cycle, the soil support capacity is degraded cycle by cycle.
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Internally, the analysis models in this report simulate the P-Y curve with a group of
individual mechanical sub-elements whose combined actions are expected to correspond
exactly to the input P-Y curve at any given pile station. These sub-elements are assumed
to be elastic-perfectly-plastic springs. As shown in Figure 3.2, four or five parallel
springs are placed at each pile station. This process is illustrated in Figure 3.9. It is
demonstrated that the total soil resistance at any deflection is equal to the sum of all the

sub-elements’ forces.

K,
Resistance K +K:
K+ K.t K
K+ K.+ K+ K,
Ki+ K2+ Kyt Kt Ko
I Co 3 : ¢ Displacement

Q=0Q+ Q-+ Q.+ Q.+ Q-

Qs
K, L
?I

‘Qa
K. ‘;'1
T

K. _Q3

K, | """ To.

Fig. 3.9 Parallel elastic-perfectly-plastic spring model to simulate the p-y curves
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Degrading Soil Model

The ultimate resistance capacity of many materials decreases somewhat after a full
reversal of yielding in both directions. This is true for soils. There will be a softening
process of soil strength upon each reversal of loading direction. In this analysis, the
softening procedure operates on each P-Y spring sub-element separately. The degradation
factor, ,, is applied to the ultimate plastic resistance of each sub-element only upon the

occurrence of a full reversal of direction of slip.

In addition to the initial ultimate resistance 0, and the factor 3, a residual lower-bound
resistance, Q.. is specified for each sub-element, which is asymptotically approached as
degradation proceeds cycle by cycle. For the soils in the Bay of Campeche studied in this
report, Q . =75% Q. The degradation factor X is 20%~16%. For the sake of

conservativeness, A is chosen to be 20%. A parametric study of X is taken as base case.

The degradation formula of the soil resistance is given by Matlock. Whenever the

reduction in strength is applied, the existing ultimate resistance o) 1s degraded to a new
ultimate resistance 0, according to the following relation:

O, = (1= )XQ = Crin )+ Crin 3.17

A graphical representation of this process as applied to single sub-element is shown in

Figure 3.10. The graph shows the degradation occur in the first cycle.

It should be noted that the soils in the top layers experience much more degradation. The

residual minimum resistance of soils in the reduced resistance zone depends on the depth
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below the mudline. For the soils in the Bay of Campeche, the residual minimum

resistance P, is 0 at mudline and 75% P, at the depth of X;. P, in the reduced resistance

zone is given by:

£ o5 X

P A

LAY 318
Pu

The same relationship is applied to the ultimate lower-bound resistance of the spring sub-

elements, Qunin.

Resistance degradation:

Q=(1A) Q, -Quun Qi

Soil resistance

Qu /
0 .
/ Displacement

Figure 3.10 Soil Degradation Model Demonstration

Simulation of Gap Zone

After a number of cycles of loading, a molding-away zone, in which there is no or little

soil resistance to the lateral loading, will develop in the top layers of soils. To simulate
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the presence of this gap zone between the pile and the soil, which generally occurs near
the mudline, the spring sub-element representing the soil resistance are specified as gap
elements. This kind of element will be attached to the pile in one direction, while will be
detached from the pile as the pile moves in the other direction. Only when the pile returns
1o the point where it left this element previously, will the element be activated again. To
represent the presence of drag resistance on the pile in the gap zone, only a portion of the
sub-clements may be assigned as gap elements while the rest of the sub-clements will
remain attached to the pile. To represent fully confined plane strain resistance below X, ,
all sub-elements of those p-y curves are specified as non-gap elements. On the other
hand, to represent a fully opened gap with no resistance at the mudline, all sub-elements
of this p-y curve are assigned as gap elements. In the reduced resistance zone, the portion
of the gap elements is assumed to be linearly decreased with respect to depth below

mudline.

3.3.1.4 Some Considerations
In this study, there are some simplification and consideration that is needed to be

clarified:

Internal and External Damping

The internal damping and external damping in the pile-soil system are intentionally
neglected. The argument is based on the fact that the damping is not a main influence
factor in the pile lateral response to dynamic loading in the range of frequencies of

interest (Chan 1972, Matlock 1979, Bea 1984). A parametric study also proved that small
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damping (damping ratio of 1%~3%) has little influence on the results yielded by SPASM.

So they are neglected to keep the whole picture clear for the dynamic analysis.

Shear Stress in Piles

As to the shear stress in the pile cross section, it is also neglected in the calculation of the
yielding state of the pile. The maximum shear stress occurs at station 1, where the
bending moment is not maximum. The shear stress has an order of 10° Ib/in’ | relatively
small compared with normal stress caused by bending moment. So shear stress is not

considered in this analysis.

P-A effect

The P-A effect 1s neglected in this study. There are several reasons for this. First, P-A
effect is of the second order compared with the beam-column bending behavior, i.e., P-M
effect. It’s influence is relatively small. A parametric study of the SPASM model has
proven this. Second, Motlock’s P-Y response model is developed on the basis of a series
of systematic experiments. These experiments have not counted in the effect of the
superstructure of platform. This model mainly deals with a single pile response. The bias
and uncertainty involved in the pile ultimate lateral capacity can be easily get by
comparing the analytical results with the experimental results. So, for the sake of

comparison and consistency, the P-A effect is not considered in this study.
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3.3.2 Configurations of the pile-soil models

3.3.2.1 SPASM Model

Based on the information in the above section, the SPASM analysis model is easy to
build. The configuration of this model is illustrated in Figure 3.2. The p-y curve for each
stratum of the soil is simulated by the combined action of the elastic-perfectly-plastic
springs at each pile node. As explained before, the pile in SPASM model is loaded to the
state that the bending moment at certain pile nodes reach 1.5 times the ultimate bending
moment across the pile section. The load values are taken as estimation of the ultimate
capacity the pile-soil system can develop. The analysis results are compared with

DRAIN3D and ULSLEA/TOPCAT in the following sections.

3.3.2.2 DRAIN3D Model

As DRAIN3D is a general analysis program mainly dealing with the non-linear structure
problems of buildings, it’s set up is not as convenient as the specific soil mechanics
programs such as SPASM. The pile-soil system is translated into an equivalent “solid”
structure frame just the same as the steel-concrete structures in building. The equivalent
structure in this study is a truss frame, which is an assembly of beams, columns, bars and

nonlinear connections. The configuration of such a truss frame is shown in Fi gure 3.11.

In the truss frame shown in Figure 3.11, the only “real” component is the vertical column
that represents the steel pile. This pile consists of 50 type 15 elements. As the failure of
the pile-soil system is not owed to the failure of soil supports, but the formation of plastic

hinge in the pile, the cross section is divided into 8 non-linear fibers, which can simulate
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the plastic behavior of the pile segment after yielding take places. The features of these
fibers are carefully determined so that the geometry properties of the cross section, such
as cross area, section modulus, principal axis, do not change.

Pile head: different rigidity specified

Mudline P : lateral load l
Fixed
boundary 0.5 fi 15.0 ft
.
4.01t
Nonlinear supporting beam simulating Artificial node
the soil behavior, no resistance to the A rotationally fixed
tension force
All the elements have implicit viscous
damping mechanism ..

\Pile node: elastic-plastic
connection between pile elements,
not necessary the location of the

l plastic hinges.
Bottom of the reduced ¥------------ et
resistance zone, 36f
below mudline F
+———Pile element with distributed
Soils in the reduced resistance zone exhibit plasticity
displacement softening under cyclic loading,
while the soils below the zone just exhibit cyclic d
degradation 1o a residual strength.
Artificial rigid bar to Very strong beam
transfer the force simulating the soil
Pile tip, 200ft below mudline support

Pile tip

Figure 3.11  Configuration of equivalent truss frame in Drain3D simulating
the p-y response of the pile-soil system

121



The supporting beams in the truss frame are added to each pile node to simulate the non-
linear-hysteretic soil resistance. They are artificially “faked” elements. Their responses to
loading are carefully evaluated to guarantee that the force-displacement relationship at
each pile node is consistent with the specified p-y curve in that soil layer. The material of
these beams are of typical “concrete” type in DRAIN3D element library, which are at
least trilinear in compression and can simulate the displacement softening phenomenon.
That means the modulus of such an element may become negative if strain is larger than
certain value. This softening may induce a problem of numerical stability in calculation
that shall be solved by certain means. The stress-strain curve of this kind of “concrete”
material was plotted in Figure 3.5. Note that the shape of the curve is just the same as the
shape of a t-z curve with softening after the peak stress, or the cyclic p-y curve. As the t-z
curve and p-y curve reflect the force-displacement relationship, care shall be taken to
transfer the stress-strain curve of the element material into force-displacement curve.
Since the supporting beams are under compression, the following formula is used to

relate the stress-strain curve to force-displacement curve:

A:iL 3.19
AE

Where, A is the displacement, L is the element length, P 1s the axial force on the element,
E is the stiffness, A is the cross section area. E can be easily determined according to the
coordinates in the p-y curves. L should be large enough so that the strain can be
calculated directly, assuming the total deformation of the element is small. The possible

maximum deformation in the near-field soil is 15 times y,, i.e., 1.5 feet. So the beams
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simulating the p-y springs are set to be 15 feet long so that the total strain is at most 10%.

In this range of strain, Equation 3.19 1s regarded vahd.

In Figure 3.5, the stress-strain curve are¢ not two-way symmetrical, meaning that the
typical “concrete” material in DRAIN3D does not exhibit the same response to
compression as to tension. So the supporting beams in the truss frame are specified to
have no resistance to tension. Meanwhile, as shown in Fig 3.11, two such beams, one on
cach side, are attached to each pile node. The combined response of the two beams can

simulate the two-way symmetric soil p-y springs.

During the build-up of the DRAIN3D model, one unexpected problem developed. The
calculation algorithm of DRAIN3D is so detailed and delicate that it can reflect the
complicated distribution of forces and moments among the elements connected at each
node. This is desirable in a real structure analysis, but not desirable in the simulation of
the soil resistance. The earlier DRAIN3D models in this study have no rigid bar (Figure
3.12) at each node. Analyses by these models always can not be loaded to the ultimate
state. They stopped before the formation of the second plastic hinge in the pile. A careful
examination of the input and output turned out that the beams simulating the soil
resistance were unstable at those stop points. The beams buckled under compression just
as what may happen in a real building structure. Obviously, this is not true for soil
resistance. The near-field soils never buckle. Their response to external load follows the
special p-y curves. The simulation of the soil resistance by plastic beams fails at the stop

points. Several attempts were tried to solve the problem: such as change the beams’

123



length, increasing the cross section area. The purpose is to stabilize the beams by
increasing the Euler stress. But all these efforts yielded no positive results. Finally, the
buckling was traced to the distributed bending moment from the node to the beams.
When the pile bends under lateral loading. Bending moments are created at each pile
node. In the calculation algorithm in DRAIN3D, a small portion of this moment is
distributed to the beamns. This means that the beams are under combined action of axial
compression and bend moment. According to the structural mechanics, we know the
disturbance of small external bending moment can greatly reduce the Euler stress thus
lead to much earlier buckling of the compression beam. This conclusion is supported by
the fact that the instability always takes place in the first segment of the beams, which is
connected to the pile node. The deformation in this segment is much larger than the rest
ones. To get rid of the unnecessary small bending moment, short rigid bars are added to
connect the pile node to the soil supporting beams. The connection nodes between these
rigid bars and beams are specified to have only one degree of freedom. The connections
are rotationally fixed so that only the axial force can be transferred to the supporting
beams. The function of these rigid bars and the restrained connection nodes can filter the
undesirable disturbance of the small bending moments. The illustration in Fig 3.12 gives
details of the configuration of the elements, their subelements, connections and rigid bars

at each node.

In Fig 3.12, the material for the supporting beams at each pile node are set to have their

special stress-strain relationship to simulate the characteristics of p-y response of the

layered soils. The radiation damping of the soil is implicitly simulated by the viscous
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damping in each element. The rotational restraint at pile head can be obtained by adding a
type 4 rotation simple connection at pile head. The external loading at pile head can be
either displacement-controlled or load-controiled. Load control pattern is used to
calculate the elastic response of the pile. After the pile is loaded to the point of the first
yielding. The load pattern is changed to displacement control to capture the ultimate
response of the pile. This is because that there are a lot of elements, both pile segments
and soil supporting beams, yield during this loading process. When the second plastic
hinge is being formed in the pile, a small increase in the loading may cause a very large
displacement. This is another reason why the displacement control pattern is applied in

the ultimate state analysis.

Lateral Load modeling the soil friction

- -Tesistance. 4 “concrete-type”
! Rigid bar to " fibers each section, with a total
transmit the : 7 cross area of 4 square feet.
lateral force

Non-linear supporting bars
Axial load ‘

Rotationally fixed node to
“filter” the small bending
moment in the connections

b 1 Steel fiber with cross Steel pile:
etween elements area of 0.2 f®. Located tecl pule:

Total cross area=1.6 £,
Simulated by equivalent 8 steel
fibers

symmetrically with
respect to the cross
section principal axis

Non-linear supporting bar
meodeling the bearing
resistance from soil,
exhibiting displacerment
softening under cyclic load

Fig. 3.12 Details of the configuration of elements and sub-elements at pile node
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3.3.3 Lateral Response of a Pile to the Static Loading

The present approach used in the design of pile foundation has a pseudo-static style. The
static response of the pile-soil system is the basis for more realistic in-field response.
Analyzing and understanding the static response of such piles is a principal problem in
analyzing and understanding their dynamic response. This is because that the static
response is a critical element in realistic loadings that can be characterized as being static
on those that are dynamic. Also, if one does not properly understand the response of a
system to its static loadings, it is unlikely that one can properly understand the response
of the system to its dynamic loading. The two philosophical and analytical frameworks

are complementary and necessary to each other.

3.3.3.1 First Yielding Capacities

There are usually threc failure modes in lateral pile design. The first is excessive
displacement at the pile head, which may affect the production equipment thus cause the
loss of serviceability of the platform system. The second is initial yielding of steel pile,
which causes permanent deformation in file. The third is the final collapse of the steel

pile resulting from formation of plastic hinges.
The results of static loading analysis of the first yielding capacities are shown in Table

3.3. The first yielding capacities are calculated by Drain3D and SPASM. It can be seen

that there is a great agreement between the results from two models.
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3.3.3.2 Ultimate Capacities

The ultimate capacity is the focus of this study. The static lateral ultimate capacities for
the four different cases of pile head rigidities are predicted by three computer programs:
SPASM, Drain3D and ULSLEA/TOPCAT. The Drain3D model is the most detailed
mode! and is regarded as the “exact” prediction method. ULSLEA is the simplified
estimation of the static ultimate capacity. Amazingly, the prediction by this very simple
model has very good agreement with the complicated Drain3D model. The results are
shown in Table 3.3 and 3.4. The detailed force-pile head displacement is shown in Fig.

3.13.

3.3.4 Lateral Response of a Pile to the Dynamic Loading

Two dynamic load patterns are studied for the lateral response of a pile. The SPASM
model has a time-history approach for both fast loading. The model directly incorporated
the load rate effect in the modified p-y curves based on the static backbone p-y curves.
The same approach is taken in the Drain3D model for the case of fast loading. For the
cyclic loading, SPASM still has a time-history approach. The cyclic loading effects are
reflected by the cycle-by-cycle degradation mechanism suggested by Matlock. The
Drain3D model uses a different approach. The cyclic p-y curves modified from the static
backbone curves are used in the model. It is intended to capture the residue ultimate
capacity when the final equilibrium state of soil characteristics is reached after a large

number of load cycles.
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3.3.4.1 Fast Loading

The results from SPASM and Drain3D are summarized in Table 3.3 and 3.4. The Fast
loading analysis by SPASM gives some overestimated ultimate capacities compared with
those by Drain3D. This is due to the estimation method by SPASM is based on the static
response of the pile. It is questionable whether this method works well for dynamic
problem. The calculation results have proved this doubt. Using an overestimated pile
stiffness in the plastic range results in an overestimated ultimate capacity for the dynamic
loading. The pile head displacement is much underestimated thus the pile can survive

much longer than it should be.

The Drain3D model gives more reasonable prediction. The time-history record of the fast
loading to the final pile collapse is shown in Fig 3.14. The agreement between them and
the results from SPASM before initial yielding is significant. After the first yielding, the
SPASM mode! is no longer valid in predicting the ultimate response. The ultimate
response calculated by Drain3D is more realistic. In Fig 3.14, a normalized loading factor
P/P, is plotted vs. pile head displacement for all cases of pile head rigidities. When P/P,
reach the value of 0.95, the second plastic hinge is in the procedure of formation. Keep
increasing loading on the pile head, the pile head displacement will increase dramatically.
This is the obvious indication that the collapse of the pile takes place. It can be seen that

the fixed and restrained pile head cases have almost the same ultimate capacities.

The case of frec pile head has a much lower capacity because the failure mechanism is

quite different from other cases. For free pile head, the pile-soil system will collapse
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shortly after the formation of the first plastic hinge, when all the supporting beams in the
top soil layers fail. The ultimate pile head displacements are in the range of 1.1-1.3 feet.
The variation is very small, not like what is expected before the calculation. From Fig.
3.14, another thing shall be noted. For large pile head rigidity, such as the cases of fixed
and grouted pile heads, the initial yielding occurs earlier in the loading history than the
small rigidity cases such as shimmed and free pile head. This means the later cases have
smaller residue strength after initial yielding. For the practice of pile design, these
conclusions are meaningful. If you design a pile with large pile rigidity (grouted pile
head), the boundary restraints of the pile is so stiff that the first yielding is easy to take
place in the pile. The pile tends to suffer permanent deformations at relatively lower
loading. But it has a large portion of reserve strength. It has enough robustness to resist
additional loading. On the contrary, the pile with small pile head rigidity is more flexible.
It is not easy to yield thus can avoid permanent deformation at high loading. However, it
has small reserve strength. The ultimate strength is just a little higher than the initial
yielding strength. For this kind of pile, it is very dangerous if yielding take place in the

pile. The pile has no robustness.

3.3.4.2 Cyclic Loading

As to the cyclic loading, the ultimate capacities obtained by SPASM and Drain3D are
listed in Fig. 3.15. Comparing the time-history record of the SPASM and Drain3D in the
elastic range, one can find that they are comparable. Although the two models have
different approaches, there is a good match between them in the prediction of initial

yielding capacities and pile head displacements. The application of the cyclic p-y curve
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can reflect the final fully degraded soil characteristics. In the plastic range, only the

prediction of Drain3D is considered as valid. The SPASM results are overestimated.

In Fig. 3.14, it can be seen again that the cyclic ultimate capacities of the pile are almost
the same except the free pile head. Compared with the fast Joading results, the ultimate
capacities are much lower. This is because the support from the soils is much lower than
the former case. The pile takes a much larger portion of the loading thus develops plastic
hinges much earlier at lower external loading. But the ultimate pile head displacements
are still in the range of 1.1-1.3 feet. This is an implication that there is a maximum lateral
pile head displacement for the pile-soil system under study. This may be an important

conclusion for the pile foundation performance in the Bay of Campeche.

3.3.4.3 Correlation with ULSLEA /TOPCAT

As to the static ultimate capacity, there are several kinds of calculation methods in this
study. Drain3D is the complicated method that simulates all the details of the ultimate
lateral pile response. ULSLEA/TOPCAT is a simplified approach, which does not
address the detailed process of the response. It only considers the ultimate state of the
pile-soil system. By introducing the virtual work principle, the complicated fully plastic
problem is simplified to only two balance equations, one for force, the other for bending
moments. The two equations are very easy to solve. Although ULSLEA/TOPCAT gives
no information about the pile head displacement, it gives quite good estimation of the
static ultimate capacity of the pile and the location of the second plastic hinges. The

comparisons of the results from different methods are listed in Table 3.3, 3.4and 3.5.
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By correlating the ULSLEA/TOPCAT results to those from the complicated models, one
amazing fact turns out that the predicted capacity values are quite close. This i1s an
implication that the simplified model such as ULSLEA/TOPCAT can assess the pile
capacity as well as the advanced, complicated model such as Drain3D. A more surprising
phenomenon can be observed by correlating the ULSLEA/TOPCAT and Drain3d results.
The ultimate pile capacity and pile head displacement are not sensitive to the pile head
rigidity if the pile head restrain is large enough. The difference between the fixed,
grouted and shimmed pile head does not cause much difference in the final ultimate state
of the pile soil system. Of course, the free pile head behavior predicted by Drain3D is
quite different from the restrained pile head. Is seems the ultimate capacity will become
sensitive to the pile head rigidity if the rotational restrain from the jacket drops to a very
low value. However, the piles in field never have free pile heads. They are at least
shimmed. The rotational restrain is usually in the insensitive range. This implies that the
ULSLEA/TOPCAT can give a very good estimation of the pile lateral ulimate capacity
no matter what kind of pile head rigidity presents. In the offshore engineering practice,
the difficulty in estimating the stiffness at the connection between the pile head and the
superstructure has been cognized for a long time. Considering the fact that there is a
large amount of uncertainty in determining the pile head rigidity in field, the above
conclusion has great practical value. Again, the ULSLEA/TOPCAT model demonstrates

its advantage of simplicity and correctness.
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Table 3.3 Lateral capacities calculated by SPASM

Lateral capacities of a single pile (CALCULATED BY SPASM)

First Yielding Capacity (kips) Ultimate Capacity(kips)
Head Rigidity| Quasi-static| Quick Cyclic |Quasi-static| Quick Cyclic
Fixed Head 479.3 550.0 453.1 812.5 968.2 778.1
Free head 383.3 460.1 359.0 626.7 ‘ 870.9 598.5
Grouted 525.2 618.3 495.8 866.7 1072.7 8311
Non-grouted 630.0 740.2 598.5 1045.8 1400 1002
Table 3.4 Lateral capacities calculated by Drain3D
Lateral capacities of a single pile (CALCULATED BY DRAIN3D)
First Yielding Capacity (kips) Ultimate Capacity(kips)
Head Rigidity| Quasi-static| Quick Cyclic |Quasi-static| Quick Cyclic
Fixed Head 512.6 608.8 4127 765.1 895.3 645.2
Free head 414.8 472.4 351.4 488.5 536.8 400.2
Grouted 479.5 644.6 452.8 765.1 895.3 640.8
Nen-grouted 643.4 725.2 553.6 765.1 895.3 645.2

Table 3.5 Static ultimate capacities calculated by ULSLEA

Static ultimate capacity of a single pile (CALCULATED BY ULSLEA)

Fixed Head Static ultimate Capacity(kips)
ULSLEA 3.0 (linearly increasing S,) 793.0
ULSLEA phase IV(layered soils) 909.5
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3.3.5 Summary

Tang(1990) performed a systematic reliability analysis of the lateral response of the
offshore pile foundation. He defined three performance criteria for laterally loaded pile.
Namely, they arc the displacement mode (excessive displacement at pile head), the
damage (first yielding) mode, and the collapse (ultimate yielding) mode. His analysis
assumed an elastic pile, thus they are valid only up to first yielding. This report extends
the analysis scope to the plastic range. The analysis results have demonstrated that the

three failure modes are inherently related.

As to the displacement criteria, a surprising conclusion drawn from the analysis results in

the Bay of Campeche is that there exists a maximum pile head displacement for the pile
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under study. Given the pile configuration and soil characteristics in the area, the pile-soil
system in this study has maximum displacements ranging from 1.1 feet to 1.3 feet for
different pile head rigidities and loading patterns. The range is very narrow considering
that there are large variation in pile head rigidities and loading patterns. So, it can be
concluded that the pile will be doomed to fail if this maximum displacement is exceeded.
This concedes with the empirical displacement criteria that the maximum pile head
displacement is 1 foot to maintain the serviceability of the platform systems. More case
study of different pile configuration and soil profiles will be conducted to see whether the

above conclusion is generally applicable.

The displacement criteria are related to the pile head nigidity. The pile rigidity greatly
influences the damage criteria. When the initial yielding occurs, the lateral loading and
the pile head displacement at that point are quite different for different pile head
rigidities. For the large pile head rigidity, the first yielding occurs earlier during the
loading process. The displacement at the point of first yielding is relatively smail. But the
pile has large porting of reserve strength. The pile with small head ngidity is the contrary
case., The displacement at the first yielding is relatively large. The first yielding occurs
later. But this kind of pile has small reserve strength. In one word, the more rigid piles are
prune to suffer permanent damage, but not easy to collapse, while the more flexible piles
can stand large loading without suffering permanent damage, but tend to collapse quickly

after the occurrence of the first yielding.
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The collapse criteria is amazing the same for the restrained pile head, no matter how large
is this restrain. The ultimate lateral capacities of the pile are almost the same. The
ultimate displacements are almost the same too. The free pile head case Is an exception.

But this case is just a sensitivity study, which can not and shall not be achieved in field.

The bending moment distribution has typical patterns for the cases of first yielding and
ultimate collapse. Such typical patterns obtained by Drain3D are plotted in Fig. 3.16 and
3.17. Note that the bending moment distributions at collapse are the same for restrained
pile head except the positions of the second plastic hinges. For different pile head restrain
and loading pattern, the positions of the second plastic hinges vary from 11" pile node to
13th pile node, i.e., 44 to 52 feet below the mudline. This value is comparable with the

prediction of ULSLEA, which is 39 feet for the fixed pile head.

As to the loading rate effects, the increase in the strength and stiffness of the soil results
in an increase in the first yielding and ultimate collapse capacities compared with the
static capacities. The soils provide larger supporting to the pile. More lateral loading will
be transferred to soils. Again, no matter how large is the pile head restrain for this case,
the ultimate capacities keeps the same. This implies that the increase mn the soil resistance
is not large enough. After fh'e formation of the first plastic hinge in the pile, the pile
stiffness drops drastically. The boundary condition of the head restrain becomes less
important. The pile can not take as much loading as before. But the increase in soil
strength by loading rate effect is not strong to take the additional loading. This is the

reason why the ultimate collapse states are similar for different cases of the pile head
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rigidity. The collapse failure mode of the laterally loaded pile involves mainly yielding of
the pile itself instead of the soil, the loading rate effect is not as important as for the axial

pile capacity.

As to cyclic degradation, the soils can only provide the residue resistance to the pile after
they are fully degraded. The typical value for residue resistance of the soils in the Bay of
Campeche is 70-80%. The cyclic first yielding and ultimate collapse capacity suffer a
decrease. Both approaches of loading time-history in SPASM and the equivalent cyclic p-
y curves in Drain3D produce results with good agreement. They capture the lower bound
of the residual soil resistance that can be developed during the cyclic degradation. The
lower bound capacities of pile-soil system under cyclic loading are roughly 65-80% of

the static capacities.

3.4 Axial Pile Response

The analysis of the axial response of a single pile has the same framework as that of the
lateral response. Drain3D and ULSLEA/TOPCAT are used to evaluate the capacities of
the pile-soil system. ULSLEA/TOPCAT calculates the static ultimate axial capacity of
the pile-soil system. Drain3D calculates the static and dynamic response of the pile-soil

system.

Unlike the lateral response of the pile that has three major failure modes, the axial
response of the pile-soil system is mainly determined by the soil resistance. It has only

one major failure mode, i.e., failure of the soil resistance. The platform pile itself under
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normal axial loading very seldom reach the steel plastic range, thus never buckle or
collapse due to axial loading. It is the failure of the soils that causes the excessive

displacement of pile head, thus causes the failure of the whole pile-soil system.

3.4.1 Pile Configurations and Soil Properties

The pile and soil properties are the same as those in the lateral analysis. The
decomposition process of the discrete pile-soil Winkler model keeps the same. The
positions of the nodes and the lengths of the pile segments are not changed. As the axial
loading is transferred from the jacket, the restrain at the pile is not a factor 1n

consideration, unlike what was done in the lateral analysis.

The basic soil profile is the same as that in the lateral analysis. Based on this backbone
profile, the soil profile for the case of fast loading is modified. As the axial pile response
is more sensitive to the loading rate effect than the lateral response, special care is taken
to warrant this effect is reflected correctly in the modified t-z and q-z curves. This

approach will be detailed in the following section.

As to the construction of the t-z and g-z curves, this study follows the API guidehne, with

a little modification. The construction process is detailed as foliows:

T-Z curves

The unit ultimate friction for each layer of soils can be calculated using the formulae

documented in section 3.2. The displacement (zmax) at which the ultimate friction
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capacity is mobilized is a function of soil stress-strain behavior, stress history, pipe
installation method, pile load sequence and other factors. In this study, Zmax 1S taken to be
0.01D, according to the recommendation of the guideline. The shapes of the t-z curves at
displacements greater than zq,, as shown in Figure 3.18 are carefully considered. There is
no definite data available about the values of the residual adhesion ratio tres/tmax 1n the
Bay of Campeche. Also this parameter involves large uncertainties for soils in field. So
two cases are studied, one with the displacement softening after the peak friction is
mobilized, the other without displacement softening. Usually, the value of tres/tmax can
range from 0.70 to 0.90. The mean value 0.80 is chosen to use in the case of softening.
This is regarded as the lower bound of the unit ultimate side friction. The case without
displacement softening is regarded as the upper bound of the unit ultimate side friction.
The values of /D and t/t,,, used in this study are listed in Table 3.6. The shape of the t-z

curve is shown in Figure 3.18.

Table 3.6 Coordinates of control points on t-z curves

z/D t/tmax
0016 0.30
0031 0.50
0057 0.75
0080 0.90
0100 1.00
0200 0.89(or 1.00)

) 0.80( or 1.00)
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Figure 3.18 Typical t-z curves

Where,

z = local pile deflection, in. (mm)

D = pile diameter, in. (Mm)

t = mobilized soil pile adhesion, Ib/ft’ (kPa)

tyx= maximum soil pile adhesion or unit skin fraction capacity computed

according to the API method described in Section 3.2, Ib/ft* (kPa)

Q-Z Curve

The end bearing or tip load capacity Q, can determined by equations described in
Sections 3.2: q=9*S,, S, is the undrained shear strength. However, relatively large pile tip
movements are required to mobilize the full end bearing resistance. A pile tp
displacement up to 10 percent of the pile diameter may be required for fuil mobilization
in clay soils. And compared with the side friction capacity, the ultimate bearing capacity
is relatively small. The values of Q/Q, and 2/D are listed in Table 3.7. The shape of the g-

z curve is shown in Figure 3.19.
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Table 3.7 Coordinates of control points on the q-z curve

2D QQ,
002 0.25
013 0.50
042 0.75
.073 0.90
100 1.00
o 1.00

z/D

0.1

Figure 3.19 Typical -z curve

where:

z = Axial tip deflection, in. {(mm)
D = pile diameter, in. (mm)

Q = mobilized end bearing, b (KN)

Q, = total end bearing, Ib (KN),computed according to Section 3.2
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3.4.2 Drain3D and ULSLEA/TOPCAT models

Similar to the description in the last section, the Drain3D axial pile response model is a
completely new analysis model. The idea is to simulate the response of pile-soil system
to loading by an equivalent “solid” structure, i.e., a truss frame consists of steel column
and soil supporting beam. The elements used in this Drain3D model are of type 1, type 4,
and type 15. An illustration of such a truss frame is shown in Figure 3.20. The details of
the node connections and sub-element configurations are also shown in Figure 3.12. Note
that the axial soil beams can be actually regarded as being plugged in the steel pile. They
are connected at pile nodes. The loading is allocated to pile and soil beams at these nodes.
Since there are significant displacement softening for the axial response, the “rigid bars”
are also added to each soil beams to prevent them from buckling before the ultimate soil
friction capacity is mobilized. The soil beams simulating the t-z springs are 2 feet long.
This length is chosen so that the largest strain occurs in the bar is less than 10% when it
yields or reaches the residual resistance. For the same reason, the soil beams simulating
the g-z spring have a length of 4 feet. Just as in the lateral analysis, the soil beams are
assigned to have zero resistance to tension. There are a pair of such soil beams with
opposite orientations at each pile, one resisting the compression loading, the other

resisting the tension loading.

The ULSLEA/TOPCAT can only calculate the static ultimate capacity of the pile-soil
system. It assumes a rigid pile. It also assumes that the maximum end bearing and side
friction are mobilized at the same time. These assumptions greatly simplify the approach,

but meanwhile, does not loss control of the major factors influencing the axial ultimate
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capacity. ULSLEA/TOPCAT can not provide the information about the pile head
displacement. The calculation method has been stated in section 3.2. The layered soil
calculation is used. The total pile-soil system capacity is obtained by integration of the
unit friction along the pile length. The results of ULSLEA/TOPCAT are detailed in the

following section.

3.4.3 Axial Response of a Pile to the Static Loading

The axial response of the pile is calculated by Drain3D model. The pile head
displacement-axial loading relationship is obtained and plotted as a graph. The prediction
of axial ultimate capacity by different calculation method is listed in a table for

comparison.

Ultimate capacity predicted by DRAIN3D

For static loading, two cases are studied by Drain3D model. The first analysis considers
the displacement softening after the peak friction resistance. The residual friction
resistance is 80% of the peak value. The second one does not consider this softening. The
two cases define a possible range of the static axial ultimate capacity. The capacity
obtained by the first case is the lower bound. The ultimate capacity of the first case 1s
around 80% of the second case. The second one is the upper bound. The results are listed
in Table 3.8. The displacement-loading relationship is also obtained. This relationship is
plotted in Figure 3.20. It can be easily seen that the major portion of the axial capacity is
contributed to side friction resistance. The end bearing is not very important. After the

failure has occurred in all the t-z springs, The loading is transferred to the g-z springs.
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And the displacement increases drastically. For the pile-soil system with this
configuration, there exists a maximum value for pile head displacement. Considering the
fact that the end bearing g-z springs will fail as the pile tip displacement exceeds

0.1D=0.4ft, the maximum pile head displacement is around 4.5ft.

Correlation with ULSLEA/TOPCAT and API guidelines
The static ultimate axial capacity can be calculated by ULSLEA/TOPCAT program. An
estimation of this capacity can also be made following the API guidelines. The

calculation methods have been detailed in section 3.2.

The comparisons of all these results are listed in Table 3.8. All the calculated capacities

are pretty close. A good agreement between different calculation methods is achieved.

Table 3.8 Predictions of axial capacities
Axial capacities of a single pile (Calculated byFRAINSD, ULSLEA and API Guideline)
Axial ultimate Capacity(kips)
Calcutation Methods Static Quick
Drain3D without displacement softening 3787.2 6430.3
Drain3D with displacement softening 3108.7 5600.8
ULSLEA(layered soils) 3102.8 non
API calculation method 3389.5 non

One thing shall be made clear is that the ULSLEA/TOPCAT result is obtained by assign

maximum friction factors in Table 3.1. The capacity in Table 3.8 is possible maximum
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that can be predicted by ULSLEA/TOPCAT. But the ULSLEA/TOPCAT capacity value
is still the smallest one. So it seems that ULSLEA/TOPCAT under-estimated the axial
ultimate pile capacity. The reason can be traced to the method of determining the side
friction factor. In ULSLEA/TOPCAT, the friction factor is a function of the average
undrained shear strength (Table 3.1). While the API guideline takes an effective
overburden pressure approach which is better in predicting the friction resistance (Tang,
1988). Drain3D also takes this way to predict the ultimate capacity. Anyway, the
ULSLEA results are conservative, and tend to be on the safe side if it’s predicted

capacities are used in practical design.

3.4.4 Axial Response of a Pile to the Dynamic Loading

Two dynamic responses are studied: responses to the fast loading and to the cyclic
loading. The fast loading increases the strength and stiffness of the soils thus increases
the ultimate capacity of the pile-soil system. The cyclic loading just do the opposite

things.

Sully, et al (1994) defined an approach to estimate the effective axial dynamic load
carrying capacity based on the static axial capacity:

Ra =R, op.of; 3.20
Where R, is the static capacity; Ry is the dynamic capacity; 8. reflects the cyclic loading
effect; and [, reflects the loading rate effect. The dynamic analysis in this study is trying

to find the characteristics of 3. and f3,.
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Fast loading

For fast loading, the loading rate effect is obvious. There are presently two ways to
reflect these kinds of effects. The first is incorporate dynamic effects into the 7-z and g-z
characterizations. This was an implicit way to incorporate the effects. The second way
was to apply a velocity-dependent strain-rate correction to the static backbone #-z and g-z

CUrves.

Using the parameter P, is the second approach. B, is larger than 1 for fast loading. The
dynamic capacity for fast loading is larger than the static capacity. For normally
consolidated, moderate plasticity clays, r=0.10 to 0.20. The study of the available
laboratory test data on the Bay of Campeche cohesive soils indicates that the r value for
the soils under study can be taken as 0.15. If the static loading rate of the pile is 24 hours
and the average loading rate from storm waves is 3 seconds, The B, value turns out to be

1.67.

The Drain3D take the similar approach. The static backbone t-z and g-z curves were
modified by a factor of 1.5, just as how the p-y curves were modified in lateral analysis.
The soil beams’ properties are modified according to the new t-z and g-z curves. The
“concrete” strain-stress relationships for the material of the soil beams are then corrected
for the fast loading. The results of the time-history of the pile-soil system response are
plotted in Fig. 3.21. Compared with the static response, the ultimate capacity for fast

loading is about 1.7-1.8 times the static ultimate capacity, which is comparable with the

147



B, value. The increase in ultimate capacity is a little higher than the increase of resistance

in t-z and g-z curves. This is due to the viscous damping at the high loading rates.

The above results are quite reasonable. The loading effects is due to the viscous behavior
of the soils, that is, their strength depends upon the rate at which they are sheared. This
behavior extends to the observed capacity of piles installed in clays. The ultimate
capacity of pile in clays reportedly increases between 5 and 20 percent for each order of
magnitude increase in loading rate. In the absence of soil strength degradation due to load
cycling, axial capacities of piles in clay that are loaded by storm waves could be 30 to 80
percent greater than capacities calculated using static design procedures (Bea, 1980). The

results of this study provide more support to this argument,

Cyclic loading

The cyclic loading analysis needs the soil supporting beams exhibit strength degradation
behavior. Element type 15 in Drain3D does have a degradation mechanism in element
stiffness and strength. However, a cyclic model by this way doesn’t work well in
simulating the pile-soil response. The degradation mechanism is originally designed to
reflect the “pull-out” bar degradation in the re-enforced concrete. The degradation is
concentrated at the connection between elements. The degradation process is a function
of the element’s accumulated plastic displacement. It does not fit the soil degradation
process defined by Matlock(1978). By now, the Drain3D model has not developed to be a
valid analysis tool with respect to the cyclic axial loading yet. A new, more specific

element is needed to simulate the soil degradation. Although the model is not good

148



enough to do the detailed analysis, reviewing of the related research can lead to some

valuable general comments about the axial cyclic response problem.

Existing experimental and analytical programs show that the cyclic pile problem is
complex. The recent research efforts have identified several factors that influence cyclic

axial pile performance, including:

e static capacity;

e the nature of the cycling, including the magnitude of the sustained and cyclic load
components and whether the pile is cycled using load control or displacement control,

e viscous soil behavior (rate effects),

e displacement softening behavior of soil resistance-vs.-pile displacement (t-z)
relations;

e the stiffness of the pile relative to the soil; and

e the number of cycles applied at each given load level

Each of these factors is important, and should be considered when assessing the likely

behavior of a pile under storm loading.
Based on the research works of Bea (1992), and Clukey (1990), cyclic axial pile response

has its’ unique patterns. The cyclic loading effect in equation (4.1) can be estimated by:

B.=1- A(1-8) 3.21
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where A = the ratio of percentage change in soil strength to percentage change in soil
stiffness; and 8 = the degradation index:

Gn 3.22

where N = the number of cycles of peak strain (fully reversing harmonic straining); 1 =
the degradation parameter (function of peak strain and soil); and G = the shear modulus
at N =1 and n cycles. B, is the ratio of the capacity of the pile after design cyclic loading
to the static capacity. The cyclic-loading factor is generally less than unity and can be
based on results of laboratory cyclic or model and prototype pile tests. For a moderate-
plasticity, normally consolidated clay, estimates of A = 0.5, ¢ = 0.1 (0.1% cyclic shear

strain), N = 10 (equivalent number of cycles of design loading) results in fc = 0.9,

The cyclic degradation mechanism for axial response can be formulated in a similar way
as that used in the SPASM lateral analysis (Bea, 1992; Matlock, 1980): For small levels
of strain, the degradation index is reasonably linearly related to the number of cycles of
the strain. For high levels of strain (greater than 1-2%), which is the case for near-field
soils, the degradation factor was used with a specified residual capacity. The shaft

resistance at cycle N, ¢,, was computed as:
t,=68(t -t )+t 3.23
where #,.; = the residual level of capacity (e. g. . s~ ¢ remolded). This is a modified from

of the model proposed by Matlock and Foo (1979) in which:

S=(1-1)

150



where A = a model parameter that is used to fit measured data from soil tests or model
pile tests. The minimum degradation parameter, d.in was taken to be the reciprocal of the
clay sensitivity ( 8min = .33 - 0.25). This degradation mechanism should be incorporated

into a new Drain3D model to accurately simulate the soil behavior under cyclic loading.

The degree to which cyclic loading degrades static skin friction depends upon the relative
magnitudes of the sustained and cyclic load components and on whether the cycling is
with respect to pile head loads or to pilehead displacements (load or displacement
control). With all else being equal, damage to pile performance generally decreases either

das]

¢ the magnitude of cyclic loads, as a fraction of ultimate pile capacity, decreases, or

¢ the amplitude of imposed cyclic displacements decreases.

Strictly speaking, the local nature of the cycling and the resulting damage must be
evaluated at each point along the pile. This is because pile-soil relative stiffness effects
reduce the correspondence between cyclic pilehead loads and the resulting soil stresses.
For example, stress reversals can occur in the soil near the tops of long piles that are

subjected to wholly compressive or tensile cyclic loads.

One-way cycling in clays without local soil shear stress reversals normally causes little
reduction in peak skin friction; damage from such cycling is manifested predominately in

accumulated displacements. Piles in firm to hard clays reportedly have resisted several
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hundred one-way load cycles when the peak pile load was less than 0.75 - 0.80 static

capacity.

Two-way cyeling, i.c., subjecting the soil around a pile to both positive and negative
shearing stresses, is much more damaging than one-way cycling. Failure due to increased
displacements reportedly has occurred during symmetric two-way loading tests of stiff
piles. Large amplitude two-way displacement-controlled cycling can be the most
damaging of all. It was found in one case the skin friction is reduced to about thirty
percent of the undegraded static skin friction. The skin friction that is lost during two-
way cycling in non-strain-softening clays generally is recoverable by soil reconsolidation
after cycling. This suggests that frictional resistance that is lost in such soils during a
major storm probably can be substantially reestablished before another major storm
occurs. However, some results in clays with displacement-softening t-z behavior show
incomplete strength regain after cycling. It cam be inferred from this collective
experience that a foundation’s survivability through multiple design storm perhaps does

not need to be investigated unless the supporting clay exhibits strain softening behavior.

The stiffness of a pile relative to the soil in which it is embedded can influence the pile’s
cyclic performance substantially. Considering the following special case, an infinitely
stiff pile that is subjected to one-way cyclic pile head loads will induce relatively
undamaging one-way stress cycling along its entire length. On the contrary, a pile with a

finite stiffness that is loaded with one-way cycles can subject the soil along a substantial
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portion of its length to damaging two-way cycles. The second pile wiil have a lower static

capacity after cycling than will the first pile.

One thing should be emphasized that the foregoing comments may not be regarded as
general, They are appropriate for the particular pile, soil, and loading conditions
evaluated in the analyses. More comprehensive analyses of the dynamic response
char_acteristics of offshore piles embedded in marine soils and subjected to realistic
characterizations of marine-structure pile loadings ate needed to permit development of
general engineering guidelines for consideration of dynamic cyclic-loading effects on

piles.

3.5 Summary and Conclusions of Pile Dynamic Response Analysis

3.5.1 Summary

A systematic analysis of the offshore pile foundation responsc and its ultimate
characteristics has been finished. This research is a part of the effort to develop design
and re-qualification criteria for PEMEX and IMP. This research focuses the study on the
behavior of a single pile driven into soft clays. This research based the study on the
oceanographic, geotechnic and in-situ platform information provided by PEMEX and

IMP.
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T-Z response of a single pile
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Figure 3.21 Pile head displacement - axial load relationship
for static and fast loading

There are mainly three computers codes used in the analysis: Drain3D, SPASM and
ULSLEA/TOPCAT. Drain3D model is a new pile analysis tool. It extends the analysis
scope to non-linear steel pile and non-linear-hysteretic soil supporting. It can handle both
lateral and axial response of the single pile. It can calculate the dynamic response of the
pile by a time-history approach, either displacement control or load control. The SPASM
is a specific pile analysis tool for lateral loading. It assumes an elastic pile. It can couple
the complicated interaction between the linear pile and the hysteretic soil springs.
ULSLEA/TOPCAT is a simplified ultimate state analysis tool. It can give very good
estimation of the lateral and axial ultimate capacity of a single pile, although it has a very
simple approach. Using these analysis tools, lateral loading and axial loading analyses are

performed.
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The lateral analysis includes a set of standard cases. The loading patterns, soil
characteristics, and pile configuration are systematically changed to reflect the effects of
cyclic loading, fast loading and the ultimate state properties for different combination of
all these variables. It is intended to capture the impacts on the pile response and ultimate
capacity by the natural variation. The results from different analysis tools are compared.
Valuable conclusion about the response and ultimate state of the laterally loaded piles are

obtained.

The axial analysis takes the similar framework as the lateral analysis. The static and fast
loading cases are successfully studied. The loading rate effect has been identified. The
validity of the simplified ULSLEA/TOPCAT program has been proved. The possible
range of the axial ultimate capacity is defined based on the variation in the residual
resistance after the peak value. A cyclic axial model has been built. Although the
simulation of the pile-soil response is not as good as expected, a study of the features of
the cyclic degradation, cyclic loading pattern, relative pile stiffness, etc., leads to some

general comments on the cyclic axial pile response problem.

3.5.2 Conclusion
Based on the analysis results, some useful conclusions can be drawn:
+ For lateral loaded pile, three failure modes exist: excessive pile head displacement;

permanent damage to the pile; and ultimate collapse.
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For the pile configuration under study, pile rigidity is not an important factor
influencing the ultimate capacity, all shimmed, grouted, and fixed pile heads have the
similar lateral ultimate capacity. Free pile head is an exception.

For the pile configuration under study, pile rigidity is an important factor influence
the first yielding capacity, and the reserve strength of the pile. Stff pile head is prune
to suffer permanent damage but has large reserve strength. Flexible pile head is not
easy to yield, but has little robustness.

For the pile configuration under study, there exists a maximum later pile head
displacement. The pile is doomed to fail if the pile head displacement exceeds this
value.

The cyclic degradation in the Bay of Campeche will cause 20-30% loss of static
lateral capacities, both first yielding capacity and ultimate capacity.

The loading rate effect will cause around 20% increase in lateral dynamic capacity
with respect to the static capacity.

In practice, ULSLEA/TOPCAT has good validity in predicting the ultimate capacities
of the platforms.

For the pile-soil system under study, the axial loading rate effect increases the
dynamic capacity by 70-80% with respect to the static axial capacity.

The end bearing capacity is not as important as the side friction for the axially loaded
piles. For the pile configuration under study, the maximum pile head displacement 1s
a little larger than 10% of the pile diameter.

The displacement softening occurring during the axial loading process decreases the

ultimate axial capacity by around 20%.
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» For the case of axial loading, ULSLEA/TOPCAT capture the lower bound of the

ultimate capacity, thus is conservative in practice.
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